ドライアイス微粒子の形成プロセスの解析と表面洗浄への応用 by Liu, Yi-Hung
















Analysis of Production Process of Fine Dry Ice Particles and 

























List of Symbols  iv 
 
Chapter 1 1 
General Introduction 1 
1.1  Introductory remarks              1 
1.2  Manufacturing of dry ice and its thermodynamics 2 
1.3  Industrial surface cleaning            4 
 1.3.1  Wet cleaning             4 
 1.3.2  Dry cleaning             6 
   1.4  Dry ice blasting             8 
   1.5  Nozzle design and system characterization for dry ice blasting       9 
    1.5.1  Particle size control in the dry ice blasting device              9 
    1.5.2  Additional functions in dry ice blasting device            11 
   1.6  Removal mechanisms in dry ice blasting         12 
    1.6.1  Removal mechanisms for particulate contaminants       13 
    1.6.2  Removal of filmy contaminants         14 
   1.7  Objective of this work                     17 
 
Chapter 2             20 
Agglomeration Process of Dry Ice Particles 20 
   2.1  Introduction                   20 
   2.2  Experimental apparatus and procedures         21 
   2.3  Results and discussion           23 
    2.3.1  Effect of temperature of jet flow on producing dry ice particles      23 
     2.3.1.1  Experiment using expansion nozzle         23 
     2.3.1.2  Experiment using expansion nozzle with glass tube       23 
    2.3.2  Effect of glass tube size          26 
    2.3.3  Interparticle collisions on the agglomeration of dry ice particles in the  
ii 
 
glass tube              32 
    2.3.4  Effect of particle deposition and reentrainment on the agglomeration of  
dry ice particles in the glass tube            35 
2.4  Conclusions             39 
 
Chapter 3             40 
Size Measurement of Dry Ice Particles by Laser Diffraction 40 
   3.1  Introduction            40 
3.2  Experimental apparatus and procedures         40 
3.3  Results and discussion            43 
 3.3.1  Effect of nozzle diameter on production of dry ice particles       43 
 3.3.2  Agglomeration of dry ice particles in the ABS tubes        50 
 3.3.3  Effect of interparticle collision on agglomeration        54 
 3.3.4  Flow velocity in a tube           56 
 3.3.5  Distribution of particles in the jet flow          57 
3.4  Conclusions             60 
 
Chapter 4             62 
Effect of Particle Impact on Surface Cleaning Using Dry Ice Jet 62 
   4.1  Introduction             62 
    4.1.1  Dry ice blasting for removing fine particles         62 
    4.1.2  Theoretical particle removal model          62 
4.2  Experimental apparatus and procedure          65 
4.3  Results and discussion            68 
 4.3.1  Local pressure on surface           68 
 4.3.2  Effective cleaning area          68 
 4.3.3  Time-dependent particle removal efficiency         70 
 4.3.4  Temperature of the dry ice jet                 74 
 4.3.5  Particle removal rate                  77 
 4.3.6  Effect of the impact of dry ice particles on particulate contaminant  
iii 
 
removal             79 
4.4  Conclusions             86 
 
Chapter 5 87 
Particle Removal Process during Impinging Dry Ice Jet Application 87 
   5.1  Introduction             87 
5.2  Material and methods            88 
 5.2.1  Deposition of particulate contaminants         88 
5.2.2  Removal of particulate contaminants          88 
5.2.3  Analysis method            91 
5.3  Results and discussion            91 
 5.3.1  Visualization of the particle impact caused by the dry ice jet       91 
 5.3.2  Particle removal efficiency           92 
 5.3.3  Theoretical analysis for slow removal stage         96 
 5.3.4  Temperature dependence of dry ice jet             97 
 5.3.5  Removal area and frequency at rapid removal stage       102 
 5.3.6  Evaluation of particle removal by dry ice jets        105 
   5.4  Conclusions           109 
 
Chapter 6            110 
General Conclusions 110 
 
Appendix            114 
 
References            116 
 
Acknowledgements          125 
 
List of Publications          127 
iv 
 
List of Symbols 
 
as contact radius at separation  [m] 
Cc Cunningham slip correction factor [–] 
D reduced particle diameter (=Dp1 Dp2 / (Dp1+ Dp2)) [m] 
Dp1 diameter of dry ice particle [m] 
Dp2 diameter of particulate contaminant [m] 
E Young’s modulus  [Pa] 
Fa adhesion force  [N] 
Fc  impact force  [N] 
Fd      drag force  [N] 
f       dimensionless coefficient of force  [–] 
g    dimensionless coefficient of moment  [–] 




1 /)1(/)1( EE νν −+−= )  [Pa
-1] 
k23 elastic characteristic ( 323222 /)1(/)1( EE νν −+−= )  [Pa
-1] 
Ma moment caused by adhesion force  [N m] 
Mc moment caused by impact force  [N m] 
Md moment caused by drag force  [N m] 
Mt      moment about center of mass of particulate contaminant  [N m] 
m reduced mass  (= m1 m2 / (m1+ m2))  [kg] 
m1 mass of dry ice particle  [kg] 
m2 mass of particulate contaminant  [kg] 
N0  initial number of particulate contaminants  [m-2] 
Nr number of residual particulate contaminants  [m-2] 
Rep2   particle Reynolds number  [–] 
r*      moment ratio of impact force to drag force  [–] 
u       fluid velocity pointing to the center of a particulate contaminant  [m s
-1] 
u0     core velocity of dry ice jet  [m s
-1] 
v       impact velocity  [m s-1] 
W23     surface energy per unit area  [J m-2] 
x       horizontal position on the test plate surface  [m] 
v 
 
Greek Letters  
γ  solid-to-gas mass flow ratio  [–] 
η particle removal efficiency  [–] 
θ contact angle of the particulate contaminant adhering to surface  [rad] 
λ mean free path of gaseous CO2  [m] 
µ fluid viscosity  [Pa s] 
ν Poisson’s ratio  [–] 
ρ density of fluid  [kg m-3] 
ρ1 density of dry ice  [kg m
-3] 
ρ2 density of polystyrene  [kg m
-3] 
φ impact angle  [rad] 
 
Subscripts 
1 particle (dry ice) 
2 particulate contaminant adhering to wall (polystyrene) 









1.1 Introductory remarks 
Dry ice is a well known material that can be applied in many industrial fields. The 
most common usage of dry ice is refrigeration of foods, beverages, and laboratory 
biological samples. Oxidation or other reactions of the organic compounds can also be 
prevented during refrigeration because CO2 is chemically stable. To continuously use its 
refrigeration effect, a cyclic refrigeration system using CO2 as a working fluid has been 
demonstrated [Lorentzen and Petterson, 1993; Liao and Zhao, 2002; Kim et al., 2004; 
Zhang and Yamaguchi, 2007, 2011; Yamaguchi et al., 2008, 2009, 2011; Niu et al., 
2011]. This system is expected to replace the old one using CFC (Chlorofluorocarbon) 
fluids, which causes the ozone depletion problem. It is also considered a good way of 
relieving the greenhouse effect by recycling CO2 and using it as a refrigerant, which can 
be regarded as a kind of CO2 capture and storage.  
Another application which attracts the attention of people in medical field is for 
drug granulation. Nanosized fine drug particles produced by rapid expansion of 
supercritical solution (RESS) [Matson et al., 1989; Jung and Perrut, 2001] can be 
agglomerated by dry ice particles produced during the expansion process [Arieda et al., 
2006; Sonoda et al., 2009; Watano, 2009]. The particle diameter, particle size 
distribution, porosity, and sphericity of the drug agglomerates can be controlled by the 
state of the produced dry ice to improve drug delivery and processing.  
These specific features of dry ice, such as sublimation and soft property, enable dry 
ice to overcome many industrial cleaning problems. Contaminants can be removed by 
the blasting method using dry ice as abrasive blast media (dry ice blasting). Since dry 
ice will eventually sublimate after dry ice blasting, the problem of secondary 
contamination, i.e. the contamination caused by the abrasive media, can be avoided. 
Among these applications, the size, structure, and concentration of dry ice particles 
are thought to be important because these physical properties will have a great influence 
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on its application. For example, higher concentrations of dry ice particles with sufficient 
inertia are more effective to remove contaminants. Therefore, a fundamental study on 
the physical properties of dry ice particles, particularly the behaviors in a jet flow is 
necessary for the control and optimization of dry ice application systems.  
 
1.2 Manufacturing of dry ice and its thermodynamics 
Dry ice is the solid state of CO2 with density in the range of 1400 to 1600 kg m-3, 
and it cannot permanently exist at room conditions, i.e. 1 atm and 25 °C. Figure 1.1 
shows the phase diagram of CO2. When the conditions are below the triple point 
(−56.4 °C, and 5.13 atm), CO2 changes from a solid to a gas without intervening liquid 
state; this process is known as sublimation. On the other hand, the process where CO2 
changes from the gas to solid state is called deposition. These features are particularly 
different from most of other materials whose gas state intervening liquid state before 
changing into solid state. This phase change, i.e. sublimation or deposition will occur at 
−78.5 °C at 1 atm, enabling its application of gas–solid two phase flow for many 
industrial purposes. Since dry ice exists only at low temperature, it can be applied as a 
kind of cryogenic particles.  
In addition, CO2 is generally stored as liquid state in the cylinder for easy transport 
in the industry. Therefore, the generation and manufacturing of dry ice is basically from 
the liquid CO2. Dry ice production efficiency will depend on the process where CO2 
changes from liquid state to solid state.   
Dry ice can be produced by rapidly expanding liquid CO2 through a nozzle based on 
the Joule-Thomson effect. The Joule-Thomson process is a constant–enthalpy process. 
In this process, the pressure will rapidly decrease and cause the vaporization of some 
liquid CO2. Accordingly, rapid reduction of temperature occurs, resulting in the 
solidification of the remaining liquid CO2. The CO2 gas–solid two phase flow is 
therefore produced by the expansion. Dry ice snow, the expanded CO2 two phase flow, 
can be further compressed and extruded to form dry ice pellets or nuggets. The 







Figure 1.1 Pressure–temperature phase diagram of CO2 




pressure–enthalpy phase diagram of CO2, as shown in Fig. 1.2. In general, the pressure 
of the cylinder filled with liquid CO2 is about 6.5 Mpa at 25 °C, which is indicated at 
point A in Fig.1.2 b. When expanding the liquid CO2 through the nozzle under 
insulation, the pressure will considerably decrease without enthalpy change to point B, 
where CO2 presents in equilibrium of gas and solid state. The percentage of dry ice 
snow can therefore be determined according to the final state of CO2 at point B. In other 
words, the percentage varies with the initial state of the liquid CO2 or the manner of the 
expansion. For example, the percentage of dry ice snow will be smaller through an 
expansion process using a non–adiabatic nozzle, i.e. the final state will be on the right 
of point B in the solid–gas region. The expansion nozzle design is therefore considered 
an important issue to achieve efficient dry ice snow production.  
 
1.3 Industrial surface cleaning 
In industrial manufacturing, surface cleaning is imperative because contaminants on 
the surfaces of products lead to low production quality and yields; for example, defects 
in electronic devices are generally caused by fine particles that are deposited during the 
manufacturing process. However, surface cleaning is not easy in the case of fine 
particles because the adhesion force tends to be larger than the separation force, 
therefore making their removal difficult. Nevertheless, today’s technical innovations are 
rapidly progressing, and the development of high–efficiency cleaning methods is 
accelerated to meet the requirements of pioneering industries; in addition, such cleaning 
methods must also satisfy the increasing environmental concerns related to industrial 
processes. 
 
1.3.1 Wet cleaning 
Cleaning methods can be primarily divided into two categories—wet cleaning 
employs liquid media and dry cleaning employs gaseous media. Wet cleaning has good 
cleaning performance and is popular in industries. Wet cleaning technology has been 








Figure 1.2 Pressure–enthalpy phase diagram of CO2 
























and acidic hydrogen peroxide are used in a process known as “RCA Standard Clean” to 
remove surface contaminants based on reaction chemistry [Kern, 1990]. The 
mechanisms for the chemical wet cleaning methods were reported as well [Niida et al., 
1989; Itano et al., 1993; Qin and Li, 2003]. For removing fine particles, several physical 
wet cleaning technologies have been developed: for example, Brush scrubbing [Hymes 
and Malik, 1996], high pressure fluid jets [Kuo and Matijevic, 1980; Kally and 
Matijevic, 1981; Yamamoto et al., 1994], and ultrasonic/megasonic techniques [Itano et 
al., 1995; Shwartzman et al., 1985; Menon et al., 1989; Ohmi, 1996; Busnaina and Dai, 
1997]. However, drying processes are required after the wet cleaning and water 
processing is unavoidable before discharging or recycling wastewater, thereby 
increasing the energy and cost consumptions. Hence, alternative effectively, 
environment-friendly, and economical cleaning methods need to be established. 
 
1.3.2 Dry cleaning 
   Dry cleaning was developed to avoid excessive usage of water and the 
environmentally harmful chemical additives such as acids in cleaning. Many studies on 
dry cleaning have been reported and several dry cleaning techniques are categorized in 
Table 1.1.  
Among these dry cleaning methods, air jet cleaning is the easiest one to access 
because the equipments and procedures are relatively simple. Many studies on particle 
removal by employing the aerodynamic effect have been previously reported. Further, 
in order to explain the time course of particle removal efficiency, Masuda et al. [1994] 
proposed a model that assumed that the removal flux is proportional to the number of 
particles whose adhesion force is smaller than the separation force. Otani et al. [1993, 
1995] showed that consecutive pulse air jets are effective for particle removal. The 
removal efficiency was analyzed by taking into account the ratio of drag force to 
adhesion. Gotoh et al. [1994a, 1994b, 1995] discussed the effects of surface material, 
contaminant particle sizes, and relative humidity on the removal efficiency. To improve 
the removal efficiency, electrostatic pre-charging and vibrating air jets were also 
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Smedley et al. [1999a, 2001] slowly translated a sample under a steady jet to avoid the 
transient effects associated with jet startup. The translating gas jet produces a long clean 
path that provides very good statistics for exploring the effect of jet parameters. 
Smedley et al., [1999b] also performed experiments using impinging shock waves, 
which effectively cleaned a large surface area. 
 
1.4 Dry ice blasting  
In order to improve the cleaning effect, fine particles are added into the gas jet to act 
as abrasive media; this process is known as abrasive blasting. Metal, oxide, as well as 
organic compounds can be used as the abrasive media. However, the hard abrasive 
media will cause damage after impact on the friable surface of the cleaning object. It 
should be avoided, particularly, for the precise cleaning. Hoenig [1986] demonstrated 
that a cleaning system using the flow of a soft material over the surface is required to 
remove smaller particles. Carbon dioxide is the most suitable soft material because it is 
available under exceptionally clean conditions and is less costly and toxic.  
A jet flow containing dry ice particles can be produced by two kinds of methods. 
One method is to supply pre-made dry ice particles in an individual production process; 
then add them to the compressed air stream. The mixed flow can be further accelerated 
with a nozzle. The other method is to directly expand liquid carbon dioxide through a 
nozzle. The latter one is simpler and more convenient to access; thus, it is generally 
adopted for industrial application. When cleaning a surface, the aerodynamic drag 
forces are generally weak in the stagnant regions in impinging jet flows and the particles 
adhering to the surface cannot be removed easily. However, they can be effectively 
removed by the collision of dry ice particles since it provides sufficient momentum 
transfer. Dry ice blasting, i.e. the gas–solid two phase jet flows of gaseous carbon 
dioxide and dry ice particles, is capable of the removal of particulate contaminants and 
organic residues [Hoenig, 1986]. Since dry ice particles will eventually sublimate into 
carbon dioxide gas after impact, there is no deposition of the dry ice particles; however, 
impurities in the carbon dioxide should be taken into consideration [Sherman et al., 
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1994; Sherman, 2007]. To evaluate the cleaning effect of dry ice blasting, the 
pumpdown curves showing the relationship between pressure and time, have been used 
for cleaning the vacuum components. [Layden and Wadlow, 1990]. Comparisons 
between the initial number density of the particles adhering to the surface and the 
number density of the residue particles after cleaning were usually employed to directly 
evaluate the cleaning effect for particulate contaminants. Dangwal et al. [2007] utilized 
field emission scanning microscopy (FESM) combined with high–resolution secondary 
electron microscopy (SEM) and energy dispersive x–ray analysis (EDX) for studying 
the field emission properties of Cu and Nb surfaces after dry ice blasting.  
To evaluate the cleaning effect for organic contaminants, X-ray photoelectron 
spectroscopy [Sherman et al., 1994; Sherman, 2007], and infrared spectroscopy [Hills, 
1995] have been employed to analyze the composition of organic contaminants before 
and after cleaning. Hills showed that the removal efficiency of filmy organic 
contaminants strongly depends on the solubility of the organic film in liquid CO2.  
Recently, the dry ice blasting has also been introduced into atmospheric plasma 
spraying and shown to be effective for improving the properties of metallic, alloy and 
ceramic coatings [Dong et al., 2011]. Unlike most studies focusing on the cleaning 
effect of consecutive dry ice blasting, Yang et al. [2007] demonstrated the optimization 
of a pulsed dry ice blasting system for the removal of particles on the surface of 
complementary metal oxide semiconductor (CMOS) image sensors by using the 
Taguchi method, a statistical method for optimal system design. As a result, less CO2 
consumption in the dry ice blasting system can be achieved. In this optimization, the 
physical properties of liquid CO2 were not taken into consideration; however, Sherman 
[2007] mentioned that the input pressure of liquid CO2 source may affect the cleaning 
result.  
 
1.5 Nozzle design and system characterization for dry ice blasting 
 
1.5.1 Particle size control in the dry ice blasting device 
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As described in Section1.1, the size and concentration of dry ice particles will have 
a great influence on the application. The formation of dry ice particles depends on 
temperature, pressure and the jet flow conditions. These factors are related to the design 
of the expansion instrument; thus the operation conditions must be precisely controlled 
to match the various application needs. The design of the expansion nozzle has been 
studied to effectively produce primary dry ice particles, Whitlock et al. [1989] proposed 
a special apparatus including a plurality of expansion nozzles where a coalescing 
chamber is connected between. The large droplets were thought to be the precursor of 
the minute dry ice particles; hence the coalescing chamber for producing large droplets 
before entering into the second orifice was important. Swain et al. [1992] expanded 
liquid CO2 from an orifice into a thermally insulated chamber to form small dry ice 
particles and then retained the small particles in the chamber until the small particles 
agglomerated into large ones. In this process, formation of large dry ice particles is 
beneficial for cleaning a larger surface area per unit time than small dry ice particles. 
The large dry ice particles do not sublimate away as rapidly as small ones thereby 
surviving longer and removing more contaminants along a longer and wider path. 
Furthermore, each large, rapidly moving dry ice particles possesses more kinetic energy 
than small ones, and, therefore, more effectively removes contaminants clinging to the 
surface of substrates being cleaned.  
However, as the cleaning object is very delicate, impact of large dry ice particles 
will damage the surface. To prevent the problem, Stratford [2003] proposed a dry ice 
blasting system which provides a useful, finely focused beam of dry ice particles whose 
size is less than 8.9 mm, with an order of magnitude less of air consumption and 
remarkably reduced noise. In addition, Broecker [2010] proposed a media blast nozzle 
comprising a media size changer to change a size of the dry ice particles for cleaning a 
surface. When the dry ice particles in an initial consistent size are introduced into the 
media blast nozzle, the particles impact with one or more media size changing members, 
creating more finer particles. 
Momotsuka et al. [2005] found that the impact of fine dry ice particles can cool 
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down the cleaning objective, causing the decrease of adhesion between the 
contaminants and the surface due to the difference of coefficient of thermal expansion. 
On the other hand, the impact of large dry ice particles can directly remove the 
contaminants by their strong inertia. Basically, the ejection of the fine dry ice whose 
particle diameter is less than 5 µm together with the large dry ice whose particle 
diameter is between 0.3 and 1.0 mm can effectively clean contaminants with short 
cleaning time. As a concept of combing the two advantages, a particular ejection nozzle 
consists of an inner circular tube with a convergent-divergent orifice for ejecting the 
fine dry ice particles produced from the adiabatic expansion and a cylindrical annulus 
where large dry ice particles produced from the mechanical destruction of dry ice block 
flow through, was proposed.  
 
1.5.2 Additional functions in dry ice blasting device 
In addition to the specific nozzle design for controlling the dry ice particles, other 
issues related to the static charge and the bridging phenomenon have been focused by 
the group of Okazawa et al. [2002]. Their cleaning apparatus comprises an air supplying 
device and a charging device for supplying destaticizing air with a polarity opposite to 
the polarity of the charged dry ice pellets to the cleaning object to be cleaned by the 
blast nozzle. As a result of electrically neutralization, the redeposition of the 
contaminants blown off from the surface of the cleaning object due to the electrostatic 
force of charged dry ice pellets can be prevented. In addition, an agitating tool is 
installed in this apparatus to agitate the dry ice pellets reserved in the hopper. The 
bridging phenomenon that the dry ice pellets fuse with each other by sublimation of part 
of the dry ice pellets is therefore prevented.  
Increasing the cleaning area of dry ice blasting is another important issue for the 
nozzle design. Taniguchi [2001] claimed that the jet flow can be extended through an 
additional cover installed after the nozzle outlet. The cover, with a hollow dimension, 
extends horizontally toward the flow direction and the cover outlet has a flat shape. 
Accordingly, the area of ejected dry ice particles from the cover outlet is increased; as a 
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result, the cleaning area is increased, enhancing the cleaning efficiency.  
In some dry ice blasting systems, the carrier gas, such as compressed air or nitrogen 
is generally introduced for increasing the particle velocity of dry ice; thus, the cleaning 
effect can be enhanced by its strong impact. To expand the application of the carrier gas, 
Merritello [2008] introduced an ozonated dry ice jet by mixing the CO2 source and the 
carrier gas formed by feeding an oxygen-containing gas to an ozone generator to 
removal surface contaminants. Therefore, the effect of chemical reaction between ozone 
and contaminants can be employed together with the physical cleaning effect of dry ice 
blasting, improving and expanding its applications. The dry ice blasting can be 
diversified by introducing other gas streams into the cleaning system; however, the 
introduced gas stream may affect the state of the dry ice particles in the jet flow. This 
should be taken into consideration as building up a specific dry ice blasting system.    
 
1.6 Removal mechanisms in dry ice blasting 
The contaminants adhering to the surface can be mainly divided into particulate and 
filmy contaminants. The removal mechanism for the particulate contaminants in dry ice 
blasting differs from the mechanism for the filmy contaminants. This is because the 
specific properties of dry ice, such as solid-state, low temperature, and sublimation 
diversify the removal mechanisms in the dry ice blasting. Jackson and Carver [1999] 
summarized several possible removal mechanisms of dry ice blasting as follows: (i) 
kinetic separation based on the momentum transfer from dry ice particles to 
contaminants, (ii) aerodynamic drag separation, (iii) chemical separation caused by the 
dissolution of residues into liquid carbon dioxide, and (iv) electrostatic separation 
caused by the movement of the contaminants combined with charged dry ice particles. 
The kinetic and aerodynamic drag separations are usually applied for explaining the 
removal of particulate contaminants; on the other hand, chemical separation caused by 
the dissolution is generally applied for explaining the removal of filmy contaminants 




1.6.1 Removal mechanisms for particulate contaminants 
In general, the particulate contaminant adhering to the surface will be removed once 
the separation force exceeds the adhesive force. In a flow region, the separation force is 
caused by the aerodynamic drag force of the fluid, and the adhesive force is mainly 
determined by the net force of the gravity force, van der Waals force, electrostatic force 
and liquid bridge force generated between the contaminant and the surface. The 
aerodynamic drag force Fd generated under a fluid of density ρ, with a flow velocity u 





uACF ρ= ,           (1.1) 
 
where Cd is the drag coefficient and Ap is the project area of the particle along its 
movement direction. The value of Cd depends on the particle Reynolds number Rep.  
Cd will be 24/Rep when Rep is much less than 2, namely under the Stokes region, while 
it will change to 10/(Rep)0.5 under the Allen region for 2≤ Rep ≤500. As the blasting 
media is added into the flow, namely the solid–gas two phase flow, the impact force 
caused by the blasting media becomes important. The impact force Fc between two 




−= ,          (1.2) 
 
where, k12 is the elastic characteristic of two materials, m is the reduced mass 
(=m1m2/(m1 + m2)), D is the reduced particle diameter (=Dp1Dp2/(Dp1 + Dp2)), and v is 
the impact velocity [Timoshenko and Goodier 1970]. Subscripts 1 and 2 used in the 
above equation mean the two particles made of different materials.  
For removing micro-sized or submicron-sized particle, the gravity force is much 
smaller than the other adhesion force and thus can be neglected in most cases. van der 
Waals force Fv between a sphere of diameter Dp and the a flat plate at a separation 








F −= ,                  (1.3) 
 
where A is the Hamaker constant varying with the material. If a particle is charged with 








F = ,                 (1.4) 
 
where εr and ε0 mean the relative permittivity and vacuum permittivity, respectively. 
When the humidity is high, the adhesion strength caused by the liquid bridge force 
should be taken into account. The liquid bridge force Fl generated by the liquid between 
the particle and the surface with surface tension of γ is represented as: 
 
2
pl 2 DF pγ= .                  (1.5) 
 
Many studies focused on the particle removal from the surface based on the above 
forces introduced and they are summarized in Table 1.2. 
The rotational removal based on the balance of the moments of forces acting on the 
particulate contaminant and the slide removal based on the force balance, are usually 
applied to theoretically estimate the particle removal. As a conclusion of the studies 
introduced, the critical removal velocity for rotation removal is considerably lower than 
that necessary for slide removal. However, the slide removal can also be effective for 
the removal of irregular particles. 
 
1.6.2 Removal of filmy contaminants 
In the study of Hoenig [1986], it has been mentioned that the pressing of the dry ice 
snow against the contaminated surface will result in local melting of the dry ice and the 





Table 1.2 Selected studies related to the particle removal from the surface. 
 
Target object Separation force 
Focused model of 
removal 
Reference 
Colloid particles on a flat 
substrate 
Aerodynamic lift force 





Agglomerate of dust particles 
on a flat glass surface 
Aerodynamic drag force Bending stress 




Single spherical particle on a 
surface 
Elastic restoring force, 
mean aerodynamic lift 
force  
RRH model based on 
energy balance 
Reeks et al. 
[1988] 





Single spherical particle on a 
rigid surface 
Aerodynamic drag force, 
stored elastic force  




Single spherical particle on a 
computer disk surface 
Aerodynamic drag force Critical-moment 
model 
Tsai et al. 
[1991] 
Monodispersed PSL and wax 
particles on a silicon wafer and 
a glass plate 
Aerodynamic drag force 
(impulse jet flow) 
rotation model Otani et al. 
[1995] 
Small agglomerate (Fly ash) on 
the surface of a powder layer 
Aerodynamic drag force, 
turbulent burst 
Bending stress 






(ammonium fluorescein and 
polystyrene) on glass 
substrates 
Aerodynamic drag force Dynamic 
resuspension model 
based on crack 
propagation kinetics 
Phares et al. 
[2000] 
Agglomerate (alumina) on the 
surface of a metal plate (brass, 
copper, aluminum, stainless 
steel) 
Aerodynamic drag force, 
impact force 
Rotation model Adhiwidjaja 
et al. [2000] 
Alumina spheres and graphite 
particles on a polished 
stainless-steel flat plate 
Aerodynamic lift force, 
drag force 





Agglomerate (alumina) on the 
wall surface of a glass tube 
Aerodynamic drag force, 
impact force, force 
caused by wall vibration 
Rotation model Theerachai- 
supakij et al. 
[2002] 
Agglomerate (alumina) on the 
wall surface of a glass tube 









Single spherical particle 
(silicon) on a silicon wafer 
substrate 
Aerodynamic drag force, 
impact force, lift force 






Single irregular particle 
(silicon nitride and alumina) on 
a silicon wafer substrate 
Aerodynamic drag force, 
impact force 
Slide model Banerjee and 
Campbell 
[2005] 
Single spherical particle 
(copper, glass, polystyrene, 
calcium carbonate, aluminum 
oxide) on a substrate (copper, 
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organics, the dry ice can also be used for the removal of organic deposits. In addition to 
that, Sherman [1991] mentioned that the dry ice snow particles rebound off the surface 
after impacting, resolidify, and carry the dissolved organics with them. Moreover, Hills 
[1995] claimed that the removal of filmy contaminants mainly occurs in two steps. First, 
a portion of the film is removed physically by either thermal shock or abrasion caused 
by the dry ice blasting. Second, the residual film is removed by solvation into a 
transiently formed liquid CO2 film. In particular, the initial physical removal 
mechanisms will be important for the removal of thick films with lower solubilities in 
liquid CO2. 
 
1.7 Objective of this work 
As mentioned above, many applications of dry ice jet have been carried out and new 
techniques are still under developing. From the viewpoint of recycling and reusing CO2, 
the potential of dry ice jet for industrial application purpose is greatly desired, especially 
for replacing conventional cleaning method. However, the fundamental knowledge 
about the formation of dry ice particles in the expanded jet flow is still not sufficient. 
Also, the investigation of its cleaning effect still stopped at the stage of comparing the 
final state with the initial state of the cleaning object without noticing the dynamic 
phenomena during the cleaning process. Unlike other particles, the state of dry ice 
particles changes with time at room conditions; therefore, the dynamic analysis of the 
particle production and is significant   
The present study aims to utilize in-situ observations and measurements 1) to clarify 
the particle growth, agglomeration, and sublimation occurring in the dry ice jet 
produced from liquid CO2; 2) to evaluate the impact effect of dry ice particles and 
elucidate the removal mechanism in dry ice blasting for removing particles adhering to 
the surface. The nonsteady-state (dynamic) processes of the dry ice particle production 
and the dry ice blasting for particle removal are particularly focused to make clear each 
physical phenomenon about dry ice particles in detail. 
This thesis consists of six chapters. In Chapter 1, the general introduction including 
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the research background, motivation and purpose is presented, following a basic 
understanding of dry ice properties.  
In Chapter 2, the in-situ microscopic observations of dry ice jet were carried out to 
understand the formation of dry ice particles and their agglomeration process, by 
varying the flow types of dry ice jet. A tube attached to the expansion nozzle was used 
as an agglomeration chamber. The temperature of dry ice jet was also measured as a 
reference data to predict the state of dry ice particles. Through the discussion on the 
particle size and particle velocity of dry ice, the contribution of interparticle collisions 
on the agglomeration process is almost negligible; instead, the phenomenon of particle 
deposition and reentrainment. In example, primary particles are deposited on the tube 
wall and form a deposition layer; then, agglomerates are reentrained from the layer into 
the jet flow dominates.  
In Chapter 3, an in-situ size measurement based on the laser diffraction method was 
applied for dry ice particles flowing in the jet flow. The size distributions of primary dry 
ice particles and their agglomerates were obtained to explain the phenomena of particle 
growth, agglomeration, and sublimation occurring in the jet flow. From the relationship 
between the median particle diameter of agglomerates and its corresponding flow 
velocity, dominance of particle deposition and reentrainment in the agglomeration 
process was quantitatively verified. The profiles of particle size and attenuation as a 
function of radial distance changed with the flowing distance, providing the information 
of the effective work distance for applying dry ice jet.  
In Chapter 4, the removal of monosized particulate contaminants adhering to a 
surface was investigated using a dry ice blasting system. The removal of the 
contaminants was observed in-situ using a high speed microscope camera and the time 
course of removal efficiency was obtained from the digital image analysis. A 
relationship between the removal efficiency and the jet temperature was ascertained. 
This can be used to explain the difference in the profiles of removal efficiency between 
the micro-sized and submicron-sized contaminants. In addition, a theoretical analysis of 
the moments of the forces caused by particle impact and aerodynamic drag showed that  
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particle impact is particularly responsible for the removal of submicron-sized 
contaminants.  
   In Chapter 5, the particle removal efficiency, removal area, and frequency were 
focused to make clear the particle removal process of multi-dispersed fine particles 
covering a surface by using dry ice blasting. Two removal processes caused by the 
impacts of primary dry ice particles together with aerodynamic drag and dry ice 
agglomerates were found according to the analysis on the jet temperature. The effects of 
the jet flow rate on the removal areas and frequency were studied and a system 
parameter was proposed to determine the optimum jet flow rate for the efficient particle 
removal. 
In Chapter 6, the conclusions of the study were summarized in detail. In addition, 










Agglomeration Process of Dry Ice Particles 
 
2.1 Introduction 
Dry ice jet can be produced from the expansion of liquid CO2 based on the 
Joule-Thomson effect, as mentioned in Chapter 1. Dry ice jet can be applied as a kind of 
dry cleaning method to remove surface contaminants; this concept was firstly proposed 
by Hoenig [1986]. In the dry ice blasting system, the produced dry ice particles can 
penetrate through the boundary layer to reach the contaminants and their mechanical 
impact can remove the fine particles strongly adhering to the surfaces. Conventional air 
jet uses aerodynamic drag to remove contaminants, whereas dry ice jet uses both 
mechanic impact of dry ice particles and aerodynamic drag to remove contaminants, the 
combination of the two mechanisms substantially enhance removal efficiency. The 
particle size of dry ice is an important factor that greatly affects the contaminant 
removal efficiency. Large dry ice particles with strong inertia and kinetic energies are 
therefore in favor of removing fine particles with strong adhesive force. In addition, 
large dry ice particles do not sublimate as rapidly as small ones; thus the large particles 
can last longer and impact on more contaminants. However, large dry ice particles may 
be limited to remove fine particles due to a geometry restriction [Toscano and Ahmadi, 
2003]. Other than for cleaning applications, the particle size of dry ice has great 
influence on its refrigeration effect or pharmaceutical granulation effect. Small dry ice 
particles under several micrometer in diameter is generally called dry ice snow and  
can be agglomerated to big ones which are known as dry ice pellet or dry ice block. A 
nozzle comprising two coalescing chambers was designed to effectively produce the dry 
ice particles for removing fine particles [Whitlock et al. 1989]. Further, Swain et al. 
[1992] installed a thermally insulated chamber at the end of an expansion nozzle to 
produce agglomerates, improving the production efficiency of dry ice particles. 
However, the production, size and state of the dry ice particles, and the agglomeration 
process have not been studied in detail.  
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In this chapter, the production of dry ice particles by expanding liquid CO2, and 
their agglomeration process in a tube chamber have been studied experimentally. The jet 
temperature, which has great influence on the state of dry ice, is investigated. To 
confirm the state of dry ice produced, its particle velocity and size are analyzed through 
microscopic observation under different experimental conditions. The agglomeration 
process of the dry ice particles is discussed through the particle deposition and 
reentrainment theory, i.e. primary particles are deposited on the tube wall to form a 
deposition layer; then, agglomerates are reentrained from the layer into the jet flow, as 
well as interparticle collision theory.  
 
2.2 Experimental apparatus and procedures 
Dry ice particles were produced from liquid carbon dioxide with purity of 99.5%. A 
flexible thermally insulated hose, 2 m long and 15 mm in inner diameter, was connected 
to a carbon dioxide cylinder and an expansion nozzle was installed at the end of the 
hose, as shown in Fig. 2.1. In order to change the conditions of the expanded flow, a 
glass tube was placed at the outlet of the expansion nozzle. The primary pressure of the 
carbon dioxide was measured at the entrance of the expansion nozzle.   
Figure 2.2 shows the details of the test section, which consists of the expansion 
nozzle and the glass tube. The expansion nozzle has an inner diameter of 0.2 mm and a 
length of 6 mm, while the glass tube was 2, 4, or 6 mm in inner diameter and 50 mm in 
length (L), and was installed onto the outlet of the nozzle. The temperatures of the dry 
ice jet ejecting from the expansion nozzle and of the glass tube wall were measured by a 
K-type thermocouple connected to a temperature recorder (NR-1000, KEYENCE 
Corp.). A high speed camera (Fastcam-Max, Photron Ltd.) with a zoom lens was used to 
observe the state of agglomerated dry ice particles in the jet flow.  
To investigate the formation of a deposition layer of dry ice particles, a glass plate 
instead of the glass tube was placed at the outlet of the expansion nozzle. The structures 
of the dry ice particles deposited on the plate were observed by an optical microscope 































Figure 2.2 Test section. 
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temperature and pressure (25 ± 2 ºC; 1 atm). 
 
2.3 Results and discussion 
 
2.3.1 Effect of temperature of jet flow on producing dry ice particles 
 
2.3.1.1 Experiment using expansion nozzle 
Carbon dioxide was expanded from the nozzle at a primary pressure of 6.5 ± 0.2 
MPa to atmospheric pressure. The expanded gas flow was cooled by rapid expansion. 
Figure 2.3 shows the temperature measured at the center of the expanded flow along the 
flow axis. The measurement position x is the distance from the nozzle outlet. The 
temperature measured at x = 1 mm was about －80 °C; however, it increased to －10 
°C at x = 50 mm and closed to room temperature at x > 100 mm. The temperature of the 
flow increased sharply after ejecting from the expansion nozzle. According to a phase 
diagram of carbon dioxide, dry ice could be formed at －78.5 °C and 1 atm, which 
indicates that most of dry ice produced from the expansion nozzle sublimate to the 
atmosphere due to the temperature increase. Consequently, dry ice particles were not 
observed visually. 
 
2.3.1.2 Experiment using expansion nozzle with glass tube 
In order to avoid the direct contact of the expanded flow and the surrounding air, a 
glass tube was installed at the outlet of the nozzle, and an experiment was carried out 
under the same conditions as above. The dry ice particles were observed visually in the 
jet flow from the glass tube. Figure 2.4 shows the temperature variation of the outer 
tube wall as a function of time elapsed. The room temperature was 25 °C. For x = 5 mm 
(Fig. 2.4 a), the temperature decreased and approached about －30 °C after 300 s had 
elapsed. As for x = 48 mm (Fig. 2.4 b), the decrease of the temperature was relatively 
slow, and the stable temperature after 300 s was slightly higher than that for x = 5 mm, 
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wall. It is worth noting that the temperature at x = 48 mm was still kept at sub-zero 
temperature, i.e. the thermal insulation of the tube wall was effective; thus the 
sublimation of the dry ice particles produced by expanding liquid carbon dioxide was 
reduced. As a result, the dry ice particles were observed visually in the jet flow from the 
glass tube. In this experiment, glass tubes with different diameters were also used. 
Although there were small differences in the results, the temperature variations were 
almost the same as each other. Next, the time course of the temperature in the jet flow 
was measured. As shown in Fig. 2.5, the temperature decreased from room temperature 
as time elapsed and approached a stable temperature of －55 ± 5 °C, and then began to 
decrease further. The secondary stable temperature was －65 °C, i.e. there were two 
stages of temperature decrease in the jet flow. After the secondary temperature decrease, 
dry ice particles were observed visually in the jet flow from the glass tube, as shown in 
the image (c). Thus, the secondary temperature decrease is very important in the 
occurrence of this phenomenon. Dry ice particles ejected from the nozzle are thought to 
sublimate initially to cool down the tube. As the temperature of the tube decreases, the 
rate of heat exchange decreases and the jet temperature approaches to be stable. Once 
the visualized dry ice particles appear and contact with the thermocouple, the jet 
temperate decreases again.  
For larger size glass tubes, the temperature was higher in the first stage, and the 
difference of the stable temperature between 2 mm and 6 mm in inner diameter was 
about 10 °C. Since larger glass tubes have a larger surface area; thus, the heat transfer 
through the tube wall is enhanced. Consequently, the stable temperature in the first stage 
is higher. Further discussion is mentioned in Section 2.3.4. 
 
2.3.2 Effect of glass tube size 
   Since the temperature measurement implies that the glass tube size affects the state 
of the jet flow, we studied the formation and behavior of the dry ice particles produced 
in the flow using a high speed camera with a zoom lens. Figure 2.6 shows some typical 
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exposure time in these images is known (1/6000 s), particle velocity can be calculated 
from the length of the trajectories of the dry ice particles. The velocity of the dry ice 
particles decreased and the size increased with increasing tube diameter. For larger dry 
ice particles (Fig. 2.6 c), the particles are more irregular in shape and seems to be 
agglomerated.  
The particle velocity distributions are shown in Fig. 2.7 a. The data seem to be 
symmetrical distributions; as a trial, they are plotted on a normal graph. As shown in Fig. 
2.7 b. each distribution is in a line; thus they are expressed as normal distributions. The 
median values for Di = 2, 4, and 6 mm are 13.8, 6.9, and 3.4 m/s, respectively. The 
standard deviations for each tube diameter (from small to large) are 1.8, 1.7, and 1.4 m/s, 
and the coefficients of variation (standard deviation/mean value) are 0.13, 0.25, and 
0.41, respectively.  
If the mass flow rate of the carbon dioxide is constant, the flow velocity ratio may 
be proportional to the inverse ratio of the cross section area of the glass tube. As the 
ratio of inner tube diameter is 1:2:3, the flow velocity ratio is 9:2.25:1. The velocity 
ratio obtained experimentally was 9:4.5:2.2. Although the experimental results agree 
roughly with the theoretical values, the experimental results for larger tube diameter are 
relatively greater. This is probably because dry ice particles highly sublimated due to the 
heat transfer, and the amount of gas increased. 
The particle size and shape is difficult to be determined from the image of the side 
view since the particles are moving with high velocities and there are many particles out 
of focus. The images should be taken from behind a glass plate set in the front of the jet 
flow. The flowing dry ice particles are trapped on the surface of the glass plate for a 
very short period and thus the particles in the focus depth can be easily observed.  
Figure 2.8 shows the images of dry ice particles taken from behind this glass plate. 
The size and shape was able to be estimated from the images. The size of dry ice 
particles increased with the tube diameter, and many agglomerates in Fig. 2.8 c were 
several hundred micron meters in equivalent circle diameter based on projected area. 






























Figure 2.6 Dry ice particles flowing out of the tube  
(L: 50 mm, exposure time: 1/6000 s). 
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Figure 2.8 Effect of tube diameter on agglomerate formation  
(view from behind, L: 50 mm, exposure time: 1/6000 s).  
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agglomerates seem to have a loosely packed structure.  
Figure 2.9 shows the particle size distribution of the dry ice particles for different 
glass tube sizes. The data shows unsymmetrical distributions, which means a small 
amount of larger agglomerates were produced. The data are plotted on a lognormal 
graph, as shown in Fig. 2.9 b. Although they are not necessarily expressed as lognormal 
distributions, the geometric mean diameters, Dag50, and apparent geometric standard 
deviations, σag (= (Dag84.1/ Dag15.9)0.5), can be determined, i.e. for Di = 2, 4, and 6 mm, 
Dag50 = 55, 85, and 183 µm, and σag = 1.2, 1.5, and 1.5 µm, respectively. 
 
2.3.3 Interparticle collisions on the agglomeration of dry ice particles in the glass 
tube 
Dry ice particles can collide with each other in the flow, and produce agglomerated 
particles, which depends on the experimental conditions such as residence time of the 
dry ice particles in the glass tube. The residence time can be calculated by dividing the 
tube length by each average particle velocity (see Fig. 2.7). The residence time for Di = 
2, 4, and 6 mm are, respectively, 3.6, 7.2, and 14.7 ms. Since the average particle size 
ranges from 55 to 183 µm (see Fig. 2.9), a large number of collisions of primary 
particles are needed to produce such large agglomerates. However, the particle 
collisions can hardly be achieved in the limited residence time.  
Figure 2.10 shows the typical images of the dry ice particles flowing out of the tube 
with a length of (a) 50 and (b) 150 mm. From the length and the direction of the 
trajectories of the dry ice particles, it is known that the particle velocity in Fig. 2.10 a 
was slower and the velocity vector was more random comparing with that in Fig. 2.10 b. 
When using a long tube, more dry ice particles will sublimate due to more heat 
exchange with atmosphere. As a result, the gas to solid ratio increases and the particle 
velocity increases. However, the particle size was almost the same irrespective of the 
tube length even though the residence time is increased in this experimental condition. 
Accordingly, there may be another important factor in the agglomeration process of dry 































Figure 2.9 Cumulative particle size distribution:  
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Figure 2.10 Effect of tube length on agglomerate formation  
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the tube wall may affect the agglomeration process. Further discussion is presented in 
the next section. 
 
2.3.4 Effect of particle deposition and reentrainment on the agglomeration of dry 
ice particles in the glass tube 
In general, fine particles in gas－solids pipe flow deposit on a wall surface and form 
a particle layer. The drag force acting on the layer increases with the mass of deposited 
particles and agglomerated particles are reentrained readily from the layer [Adhiwidjaja 
et al., 2000]. Also, the collision of the flowing particles to the deposition layer enhances 
the reentrainment. Finally, the particle deposition and the reentrainment become in 
equilibrium [Theerachaisupakij et al., 2003]. To investigate the formation of the 
deposition layer of dry ice particles, another experiment was carried out. A glass plate 
was placed in parallel to the axis of the expanded flow to observe the formation of the 
deposition layer from the side. The distance d from the plate surface and the expanded 
flow axis was varied to simulate the flow in the glass tube of different diameter. A high 
speed camera with a zoom lens was used to observe the formation of the deposition 
layer. The dry ice particles ejected from the nozzle began to deposit on the glass plate 
when the surface temperature was sufficiently low. The dry ice deposition layer 
gradually formed and the thickness increased as time elapsed.  
Figure 2.11 shows the deposition layer of the dry ice particles formed on the glass 
plate placed at different distances. For d = 1 mm, the dry ice particle deposition layer 
was densely packed and the surface was smooth. The thickness of the layer increased 
with increasing horizontal distance from the nozzle outlet, as shown in Fig. 2.11 a. 
Thicker deposition layers were also observed for d = 2 and 3 mm (Fig. 2.11 b and c). 
Furthermore, it was found that the deposition layer in Fig. 2.11 c was formed away from 
the nozzle outlet (x = 25 mm) and had a loosely packed structure. Since the interaction 
between particles is small in the loosely packed structure, agglomerated particles can be 
easily reentrained from the deposition layer even though the flow velocity is relatively 
low. The size of the agglomerated particles increases as the packing density of the 
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deposition layer decreases. Therefore, the agglomerated dry ice particles shown in Figs. 
2.6 and 2.8 are considered to be caused by the particle deposition and reentrainment.   
Next, we explain the details of the temperature variation of the jet flow from the 
tube shown in Fig. 2.5 by the particle deposition and reentrainment. When the wall 
temperature is lowered by the expanded flow, the dry ice particles ejected from the 
nozzle begin to deposit on the tube wall. The dry ice deposition layer is gradually 
formed. During this phenomenon, the temperature of the jet flow from the glass tube 
decreases and approaches a stable value. When the agglomerated particles begin to 
reentrain from the deposition layer, the thermal equilibrium in this system is not 
maintained and the temperature of the flow decreases again. Once the particle 
deposition and reentrainment is in equilibrium, the temperature of the flow is stable 
again.   
Since the deposition layer is composed of dry ice particles, it is of great interest to 
investigate the structure of the deposition layer. Figure 2.12 shows the optical 
microphotographs of the dry ice particle deposition layer formed on the glass plate 
placed at d = 1 and 3 mm. The deposition layer was formed in a stripe shape and 
orientated toward the flow direction. Many dry ice particles of several micrometers in 
diameter were observed in the deposition layer. It was found that the sizes of the dry ice 
particles observed in the deposition layer were almost the same, irrespective of the 
packing structure, as shown in Fig. 2.12. The fine particles are thought to be the primary 
particles of dry ice produced through nucleation and condensation in the expanding flow. 
Therefore, the agglomerated particles reentrained will also consist of the fine dry ice 
particles. 
In the present work, the agglomeration process of dry ice particles was discussed on 



































Figure 2.11 Deposition layer of dry ice particles formed on glass plate  
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Figure 2.12 Deposition layer of dry ice particles observed through  
an optical microscope (d is described in Fig. 2.11). 
 
(a) d = 1 mm 
x = 17 mm
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(b) d = 3 mm




The agglomeration process of dry ice particles was studied by measuring the 
temperature of the jet flow and the tube wall and observing the phenomena, and the 
mechanism for dry ice agglomeration was discussed. The following conclusions were 
drawn:  
(1) The dry ice jet is able to be kept at a lower temperature by adding a glass tube to the 
outlet of the expansion nozzle. The temperature of dry ice jet decreases and 
approaches a stable temperature in the early stage; then moves to a second stable 
temperature. The dry ice particles agglomerated are observed visually after the 
second reduction of the temperature. 
(2) The particle velocity and size were analyzed through the images taken by the high 
speed camera. Tube size has great influence on the particle size and shape as well as 
velocity. Since the residence time is limited, a large number of collisions of primary 
particles can hardly be achieved; thus the agglomerates observed cannot be 
produced by the interparticle collisions in the flow.  
(3) After the dry ice particles produced deposit on the wall and form a particle layer, 
agglomerates are reentrained from the layer into the jet flow. As a result, dry ice 
particles can be observed visually in the jet flow. 
(4) A microscopic observation shows that the deposition layer consists of fine dry ice 
particles of several micrometers. The agglomerated particles reentrained from the 







Size Measurement of Dry Ice Particles by Laser Diffraction 
 
3.1 Introduction 
From our observation in Chapter 2, dry ice primary particles can agglomerate up to 
hundred micrometers in size through the tube chamber. From the optical 
microphotographs taken, we determined that the agglomeration is formed under the 
particle deposition and reentrainment theory. A strong correlation was found between 
the jet flow velocity and the size of the agglomerates; higher jet flow velocity led to 
smaller dry ice agglomerates, and lower velocity led to larger ones. This means the 
particle size of dry ice can be determined by handling the particle deposition layer. In 
the previous study, the agglomerated dry ice particles were recognized by microscopic 
observation; however, the primary particles cannot be directly observed in the jet flow. 
To expand on this work it would be beneficial to investigate the size distribution of 
primary dry ice particles and their agglomerates through an in-situ size measurement. 
The study in this chapter focuses on the in-situ measurement of dry ice particles 
produced by expanding liquid CO2 and the agglomerates formed out of the tube 
chamber, through laser diffraction. The size distribution and the quantity of dry ice 
particles are quantitatively analyzed to investigate particle’s growth, agglomeration, and 
sublimation, occurring in the jet flow. For explaining the details of the agglomeration 
process based on the particle deposition and reentrainment theory, the relationship 
between the size of agglomerates and the flow velocity is quantitatively discussed. In 
addition, the radial variation of particle size and the quantity of dry ice along the flow 
direction is investigated to ascertain the effective flowing distance where the dry ice can 
be effectively utilized. 
 
3.2 Experimental apparatus and procedures 
Figure 3.1 shows a schematic diagram of the experimental apparatus. High purity 
liquid carbon dioxide was used to produce dry ice particles. A flexible thermally 
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insulated hose, 2 m long and 15 mm in inner diameter was connected between a high 
pressure carbon dioxide cylinder and an expansion nozzle. A pressure gauge was 
installed to measure the pressure of the carbon dioxide. In this study, the pressure was 
kept at 5.5 MPa. Figure 3.2 shows the details of the nozzle. Three nozzle sizes were 
used for introducing the different flow rates of the dry ice jet. The mass flow rates for 
0.1, 0.2 and 0.5 mm nozzles were 0.2, 0.5, 2.9 g/s, respectively. To produce 
agglomerated dry ice particles, an acrylonitrile-butadiene-styrene (ABS) tube of 2, 4, or 
6 mm inner diameter and 50 mm in length was attached to the outlet of the expansion 
nozzle. The size distribution of the dry ice particles ejected from the nozzle or the tube 
was measured in-situ with a particle size analyzer (Spraytec, Malvern Instruments Inc.) 
based on the laser diffraction method. The laser beam, with a diameter of 20 mm, was 
oriented perpendicular to the dry ice jet.  
In the measurements, beam steering was observed and affected the size distribution 
of dry ice particles. This occurs when a significant volume of jet gas or another gaseous 
phase apart from air is present in the measurement zone. Gases such as high pressure 
jets have a very different refractive index compared to air. This causes the laser beam to 
be defocused, leading to a high scattering signal on the first set of detector channels. 
Although this signal is not caused by particle scattering, it is interpreted as coarse 
particles. To overcome this problem, the detector range has to be limited. For the 
measurement of primary dry ice particles, the particle diameter range was limited to 
below 50 µm because it was confirmed that primary dry ice particles were less than 
several tens of micrometer from observations using a high-speed microscope camera. 
For the measurement of agglomerates of dry ice particles, the range was limited to less 
than 300 µm. This range is determined by considering the appropriate particle diameter 
of the agglomerates with minimizing the extent of the noise caused by the beam 
steering.    
The attenuation, which is defined as the natural logarithm of the ratio of the 
intensity of the incident light to that of the light passing through the jet flow, was used 
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carried out using a patented multiple scattering algorithm based on Mie theory [Harvill 
and Holve, 1998].  The accuracy of this measurement system was ensured up to 96% 
obscuration, in which our experiments were conducted. All the experiments were 
conducted under room conditions (20 ± 2 ºC; 1 atm). 
 
3.3 Results and discussion 
 
3.3.1 Effect of nozzle diameter on production of dry ice particles 
The size distributions by mass of dry ice particles ejected from the expansion 
nozzles with different diameters were measured by the laser diffraction method.  
Figure 3.3 shows the cumulative size distributions of dry ice particles ejected from the 
0.5 mm nozzle at different distances, dn, from the nozzle outlet. The mass median 
diameter of the dry ice particles is about 1 µm at dn = 10 mm and increases up to several 
micrometers as the measurement distance from the nozzle increases. This result 
indicates that the dry ice particles produced from the expansion nozzle grow in the jet 
flow. Furthermore, each size distribution appears to be a log-normal distribution. 
   Figure 3.4 shows the cumulative particle size distributions of dry ice particles 
ejected from the 0.2 mm nozzle. The mass median diameter increases with increasing 
distance for dn < 40 mm. This feature is similar to that of the 0.5 mm nozzle, shown in 
Fig. 3.3. However, the particle size distribution obtained at dn ≥ 40 mm differs from the 
other distributions as it is skewed towards larger particles. In addition, the distribution is 
not unimodal but bimodal at dn = 50 mm. These results are probably caused by the 
following two competing phenomena; one is the growth of dry ice particles in the 
gaseous carbon dioxide jet, and the other is the sublimation from particle surfaces. In 
general, the dry ice particles in the jet center will keep growing by condensation of 
high-concentration gaseous CO2 or particle agglomeration. On the other hand, the dry 
ice particles in the exterior of the jet will sublimate readily due to a greater rate of heat 
transfer with atmosphere. For the smaller nozzle, the gas velocity is lower due to the 

























Figure 3.3 Cumulative size distributions of dry ice particles ejected from  
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Figure 3.4 Cumulative size distributions of dry ice particles ejected from  
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0.5 mm nozzle. On the other hand, smaller particles will rapidly shrink due to 
sublimation. For the smaller nozzle diameter, the mass flow rate is reduced; hence it is 
difficult to maintain the temperature of the jet flow in the required range due to the heat 
exchange with the surrounding atmosphere. As a result, a smaller nozzle diameter will 
enhance the rate of sublimation.     
   Figure 3.5 shows the results for the 0.1 mm nozzle. The particle size distribution 
obtained at dn = 5 mm looks like a log-normal distribution , but for dn ≥ 10, but for dn ≥ 
10 mm, the size distribution changes from unimodal to bimodal. The particle diameter 
increases with increasing distance for 10 ≤ dn ≤ 20 mm, but the trend reverses 
remarkably for dn = 25 mm, where a notable reduction is observed. The flow rate for the 
0.1mm nozzle is so small that sublimation occurs at a shorter distance from the nozzle 
outlet. 
In order to observe more clearly the effect of the nozzle diameter and the distance 
from the nozzle outlet on the production of the dry ice particles, the mass median 
diameters of dry ice particles obtained under various conditions are plotted in Fig. 3.6.  
For the 0.5 mm nozzle diameter, the mass median diameter increases linearly with 
distance from 1 to 3 µm for distances of 10 and 50 mm, respectively. For the 0.2 mm 
nozzle diameter, the mass median diameter increases linearly with the distance in the 
range of 10 ≤ dn ≤ 40 mm, but decreases at dn ≥ 40 mm. For the 0.1 mm nozzle diameter, 
the increase in mass median diameter with distance is more erratic than for the other 
nozzle diameters, the mass median diameter decreases from dn = 20 mm.   
The amount of dry ice particles in the jet flow can be inferred from the attenuation 
determined by the laser diffraction method. Figure 3.7 shows the relationship between 
the attenuation and the distance from the nozzle outlet for three nozzle sizes. For the 0.5 
mm nozzle, the attenuation is high; this is because the mass flow rate of carbon dioxide 
is high and a large number of particles are produced. Since the mass flow rate decreases 
with decreasing nozzle diameter, the attenuation is lower for smaller nozzle diameters.  
The dry ice jet spreads radially downstream; thus, the attenuation decreases with the 

























Figure 3.5 Cumulative size distributions of dry ice particles ejected from  
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Figure 3.6 Effect of nozzle diameter on mass median diameter of  
dry ice particles.  
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attenuation at larger distances.  
 
3.3.2 Agglomeration of dry ice particles in the ABS tubes 
In Chapter 2, it is concluded that dry ice particles formed agglomerates by 
depositing on the inner walls of a tube attached to the expansion nozzle. However, no 
measurement of agglomerate size was carried out then. Here in this work agglomerates 
were produced using different size tubes and their size distribution was analyzed in-situ 
using the technique discussed in Section 3.2.  
Figure 3.8 shows the cumulative size distribution of agglomerates of dry ice 
particles, obtained using the 0.5 mm nozzle and the 6 mm tube. The mass median 
diameter of the agglomerates is about 100 µm, which is much larger than that of the 
particles produced without the tube (~1 μm, see Fig. 3.3). Each distribution appears to 
be log-normal, and the dependence of the distance dt from the tube outlet on the particle 
size distribution is found to be small. However, the mass fraction of smaller particles 
slightly decrease with the increase of distance dt. The smaller particles might further 
agglomerate or sublimate in the jet flow. The influence of sublimation is not seen in 
larger agglomerated particles. 
Figure 3.9 shows the results for the 0.1 mm nozzle and the 2 mm tube. The particle 
size distributions are similar to those in Fig. 3.8, and the influence of sublimation is not 
seen in this experiment. In addition, many particle size measurements were carried out 
under different conditions, i.e. with 0.1, 0.2, and 0.5 mm nozzles, and the 2, 4, and 6 
mm tubes, showing that the results were generally similar to each other. However, slight 
differences can be seen by changing the nozzle diameter.   
Figure 3.10 shows the results measured at dt = 40 mm using the 6 mm tube for the 
three investigated nozzle diameters. When the nozzle diameter is changed from 0.1 to 
0.5 mm, the mass median diameter varies from 100 µm to 80 µm. As a large amount of 
liquid carbon dioxide is expanded from the 0.5 mm nozzle, the flow velocity in the tube 
is high. The variation of the mass median diameter is thought to be caused by the 

























Figure 3.8 Cumulative size distribution of dry ice particles ejected from 
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Figure 3.9 Cumulative size distribution of dry ice particles ejected from 




























































Figure 3.10 The effect of nozzle diameter on cumulative size distribution 


































residence time and the flow velocity in the tube, on the agglomeration is discussed in 
detail in Sections 3.3.3 and 3.3.4. 
Next, the amount of agglomerated dry ice particles was evaluated from the 
attenuation data. Figure 3.11 shows the relationship between the attenuation and the 
distance from the tube outlet for different tube and nozzle diameters. The attenuation 
decreases with increasing distance from the tube outlet. This is because the dry ice jet 
expands radially downstream, therefore the particle concentration of dry ice particles 
decreases with the distance from the tube outlet. Furthermore, it is found that the 
attenuation increases with the increase of the nozzle and tube diameters. Since the mass 
flow rate of carbon dioxide increases with increasing nozzle diameter, the attenuation is 
high for a large nozzle diameter. As the tube diameter increases, the cross section area 
of the jet flow increases. As a result, the number of particles detected in the cross 
section area increases; thus, the attenuation increases. 
 
3.3.3 Effect of interparticle collision on agglomeration 
Dry ice particles can collide with each other in the flow and produce agglomerated 
particles by adhesion forces; therefore, the inter-particle collisions are generally taken 
into account in the agglomeration process. The concentration of primary particles and 
the residence time in the tube are the dominant factors in determining agglomerate size.  
To estimate the fraction of primary particles remaining after the agglomeration process, 
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where n1,t is the concentration of primary particles after the agglomeration process, 
n1,0 is the initial concentration of primary particles, t is the residence time and tB is the 
characteristic time.   
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value of t/tB is estimated to be less than 0.02, the fraction of primary particles remaining 
is over 95%. This indicates that most of the primary particles cannot agglomerate by 
interparticle collisions alone when the residence time is less than 30 ms, which is 
calculated on the basis of the experimental results. In the experiment, a large number of 
agglomerates about 100 µm in mass median diameter are produced and ejected from the 
tube. Therefore, additional factors affecting the agglomeration in the tube should be 
taken into consideration. 
 
3.3.4 Flow velocity in a tube 
In this work, interparticle collisions are not considered to be the main mechanism 
for agglomeration in the tube, as mentioned previously in Section 3.3.3. Agglomeration 
is believed to be due to particle deposition and reentrainment on the tube wall 
[Matsusaka and Masuda, 1996; Adhiwidjaja et al., 2000; Theerachaisupakij et al., 2003]. 
Primary particles deposit on the tube wall and form a deposition layer; then, 
agglomerates are entrained from the deposition layer by aerodynamic drag. The 
collision of the flowing particles to the deposition layer also enhances reentrainment.  
Under steady state operation particle deposition and reentrainment are in equilibrium.  
Since these phenomena depend on the gas flow velocity, this may be a key parameter 
for agglomeration.  
The average gas flow velocities for nozzle diameters of 0.1, 0.2 and 0.5 mm, tube 
diameters of 2, 4 and 6 mm and distances from the tube of 20, 40 and 60 mm have been 
obtained experimentally. Figure 3.12 shows the effect of the flow velocity on the mass 
median diameter of the agglomerates. The mass median diameter tends to decrease with 
an increase in the flow velocity. As the separation force acting on the deposition layer 
increases with the flow velocity, smaller agglomerates can be reentrained by this 
mechanism. Therefore, the experimental relationship is reasonably good, and the gas 
flow velocity will be an important parameter to predict the agglomeration of dry ice 




3.3.5 Distribution of particles in the jet flow 
Particle size measurements were carried out at different radial positions in the jet 
flow ejected from the tube. The nozzle diameter was 0.1 mm and the tube diameter was 
4 mm. Figure 3.13 shows the mass median diameter and the attenuation of the dry ice 
jet as a function of radial position, r. The mass median diameter in the central axis of 
the jet flow is about 110 µm, and slightly decreases with the increase of the radial 
position, r, at dt = 20 and 60 mm (see Fig. 3.13 a). For dt = 60 mm and r = 18 mm, the 
mass median diameter decreases to about 80 µm. As the jet flow expands downstream, 
larger agglomerates go straight along the jet axis because of their inertia, while smaller 
agglomerates spread in the radial direction. In addition, since the exterior of the jet is 
exposed to a greater rate of heat transfer with atmosphere, the agglomerates would 
sublimate at a faster rate with increased radial distance. As a result, the profile as a 
function of the radius of the jet flow will deviate from a flat distribution with increasing 
flow distance. The attenuation of the dry ice jet shows that the profile expands radially 
along the flow direction (see Fig. 3.13 b). The agglomerates are shown to be well 
dispersed in the jet flow. However, if the distance from the tube end is large, the effect 





































Figure 3.12 Effect of flow velocity on mass median diameter of  
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Figure 3.13 Distribution of dry ice particles in jet flow:  
a) mass median diameter, b) attenuation (Dn = 0.1 mm, Dt = 4 mm). 
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The size distribution and attenuation of the dry ice particles produced by rapid 
expansion of liquid carbon dioxide were analyzed online, downstream of the nozzle or 
the tube by a laser diffraction method. The conclusions were drawn as follows:  
(1) With the experimental setup used in this work, the mass median diameter of the dry 
ice particles ejected from the expansion nozzle is about 1 µm. The particle size 
distribution is roughly log-normal. The particles grow in the jet flow and in the 
tubes. However, the sublimation of dry ice also occurs, and becomes noticeable at a 
distance from the nozzle outlet, where the particle size starts to reduce. As a result of 
the simultaneous phenomena of particle growth in the jet center and sublimation in 
the exterior, a bimodal size distribution exists at greater distances, arising from the 
size distributions of the primary particles and the agglomerated ones. For smaller 
expansion nozzles sublimation occurs at a shorter distance from the nozzle outlet, 
because the reduced flow rate results in a more rapid increase in temperature of the 
jet flow due to heat exchange with the atmosphere.  
(2) Under the prevailing aerodynamic conditions, the primary particles agglomerate to 
about 100 µm in mass median diameter by passing through the tube attached to the 
outlet of the nozzle. The mass median diameter of the agglomerates is not very 
sensitive to the nozzle diameter and varies from 100 µm to 80 µm when the latter is 
changed from 0.1 to 0.5 mm. 
(3) A simple account of interparticle collisions in the tubes showed that most of the 
primary particles cannot agglomerate due to a collision mechanism in the short 
residence time within the tube.   
(4) The agglomeration process is considered to be by particle deposition on the tube 
wall and reentrainment. Primary particles deposit on the tube wall and form a 
deposition layer; then, agglomerates are entrained from the deposition layer by 
aerodynamic drag and the collision of the flowing particles. The particle deposition 
and reentrainment reach an equilibrium rate if the process is operated sufficiently 
long to reach a steady state. The mass median diameter tends to decrease with the 
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increase of the flow velocity. This is because the separation force acting on the 
deposition layer increases with the flow velocity, smaller agglomerates can therefore 
be reentrained.   
(5) As the jet flow extends radially downstream, larger agglomerates travel along the jet 
axis, while smaller agglomerates spread out in the radial direction, following more 
easily the gas streamlines. As a result, the profile as a function of the radius of the 











4.1.1 Dry ice blasting for removing fine particles  
As mentioned in Chapter 1 and 2, dry ice particles can be utilized as a blasting 
media for cleaning. The contaminants adhering to the surface can be removed by the dry 
ice particles without secondary contamination. Therefore, this dry cleaning method is 
particularly well adopted for industrial manufacturing process where high cleanliness is 
required. In many industrial fields, fine particles are the main contaminants in the 
manufacturing process; failure to remove the contaminants will result in degradation in 
product quality. For example, a conductive particle less than 1 µm in size adhering to a 
substrate in an integrated circuit package can cause an electrical short circuit.  
The combination of the dry ice impact and aerodynamic drag in dry ice blasting is 
considered to be effective on the removal of fine particles. To direct the expanding dry 
ice jet flow to the cleaning target, a tube is usually equipped in the cleaning system. 
According to the previous studies, the primary dry ice particles will agglomerate as the 
jet flow pass through the tube. The impact of the agglomerated dry ice particles is 
therefore considered important, even though the removal mechanism is not yet clear.  
 
4.1.2 Theoretical particle removal model 
There are several possible removal mechanisms for dry ice cleaning: (1) kinetic 
separation based on the momentum transfer from the dry ice particles to contaminants, 
(2) aerodynamic drag separation, (3) chemical separation caused by the dissolution of 
residues into liquid carbon dioxide, and (4) electrostatic separation caused by the sweep 
of the contaminants combined with the charged dry ice particles [Sherman et al., 1991; 
Hills, 1995; Jackson and Carver, 1999]. The kinetic separation and the aerodynamic 
drag separation have been investigated by taking into account the forces acting on a 
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particle adhering to a surface [Kousaka et al., 1980; Wang, 1990; Tsai et al., 1991; 
Matsusaka and Masuda, 1996; Adhiwidjaja et al., 2000; Theerachaisupakij et al., 2003]; 
particle removal was explained by the moments of the forces. Figure 4.1 shows the 
basic concept of a moment balance model for a particle adhering to a substrate. There 
are three main forces: impact force caused by an airborne particle (Fc), drag force (Fd), 
and adhesion force (Fa).  Gravitational force can be neglected since the contaminants 
are generally small. In this figure, Dp1 and Dp2 are the diameters of the airborne particle 
and the particle adhering to the substrate, respectively, φ is the impact angle, θ is the 
contact angle based on elastic deformation, and Mt is the moment of force at the center 
of mass of the particle, which is caused by the shear flow. The balance of the moments 
of forces is represented by  
 










FF θθφφθθφφ ++=+++ .  (4.1) 
 
The moment balance model was also used for dry ice cleaning and showed that 
rolling removal of particulate contaminants is more significant than sliding removal 
based on the force balance [Toscano and Ahmadi, 2003]. However, if the particulate 
contaminants are not spherical, the sliding model may be significant [Banerjee and 
Campbell, 2005]. To fully elucidate the mechanism of particle removal, fundamental 
research is needed, and the phenomenon needs to be observed microscopically. In 
addition, the measurement of the temperature of the dry ice jet is important to analyze 
the removal efficiency since the state of the dry ice particles in a jet flow depends on the 
temperature as described in Chapter 2. 
In this chapter, the removal of monosized fine particles adhering to a surface by dry 
ice blasting is experimentally investigated. The purpose of the study is to make clear the 
impact effect of dry ice particles in the removal process. Particle removal is observed by 
a high-speed microscope camera and the time course of the removal efficiency is 
obtained. Also, the jet temperature, related to the state of dry ice particles, is 















































In addition, theoretical calculations based on the moment balance model are carried out 
to discuss the impact effect of dry ice particles by comparing with the aerodynamic drag 
effect. 
 
4.2 Experimental apparatus and procedure 
Figure 4.2 shows the experimental apparatus for surface cleaning by dry ice blasting.  
The dry ice jet was produced by expanding high-purity liquid CO2. To do this, a flexible 
hose made of stainless steel was connected to a high-pressure CO2 cylinder. At the end 
of the hose, a needle valve was installed to control the flow rate of the dry ice jet. A 
pressure gauge was set at the inlet of the needle valve to measure the inner pressure of 
the CO2; the pressure measured in the experiments was over 6 MPa. The flexible hose 
and the needle valve were thermally insulated to reduce heat transfer between the 
environment and the equipment. A 50 mm long acrylonitrile-butadiene-styrene (ABS) 
tube was installed at the end of the needle valve to serve as an agglomeration chamber. 
The agglomerated dry ice particles were exhausted from the tube with the carbon 
dioxide gas. 
A test plate (76 × 26 mm) made of 1 mm thick transparent glass was fixed in the 
surface cleaning experiment. The plate was previously contaminated by monosized 
spherical latex particles with diameters of 2.92 µm and 0.75 µm (Duke Scientific Corp.).  
The preparation procedure is as follows: (1) colloidal particles were aerosolized by a 
nebulizer; (2) particles carried by the airflow were dried by passing though an annular 
cylinder containing silica gel; (3) the airborne particles deposited onto the surface of the 
plate. The initial number of particles per unit area of the surface was about 100 mm–2 
for the 2.92-µm particles and about 600 mm–2 for the 0.75-µm particles. 
Figure 4.3 shows the configuration of the ABS tube and test plate. The inner 
diameter of the ABS tube used for the experiment was 6 mm. The angle of incidence 
was π/4 radian and the distance from the tip of the tube to the center of the test plate 




















































































the local pressure at the center of the surface, i.e., at the impingement point of the jet 
axis, was measured by a pressure sensor (AP-43, Keyence Corp.). A pressure tap of 
about 1 mm in diameter was installed at the test plate, and the pressure sensor was 
connected from behind. The temperature of the dry ice jet was also measured at the 
same position using a thermometer. Particle removal was observed from behind the test 
plate using a high-speed microscope camera (Fastcam-Max, Photron Ltd.). The 
efficiency of the removal of particulate contaminants was obtained by digital image 
analysis. 
All the experiments were conducted at room conditions (temperature: 25 ± 2 °C; 
RH: 40–60%). 
 
4.3 Results and discussion 
 
4.3.1 Local pressure on surface 
Figure 4.4 shows the local pressure at the impingement point of the jet axis as a 
function of the mass flow rate of the dry ice jet and air jet. To observe the variation of 
the particle removal efficiency in detail, low mass rates were used. The pressures were 
measured under steady state conditions with flow temperatures of 25 °C and about 
−70 °C for the air jet and dry ice jet, respectively. The local pressure increased with the 
mass flow rate, and the results for both the air and dry ice jets are similar. Since the 
local pressure correlates with the mass flow rate of the jet flow, the local pressure can 
be used to evaluate the strength of the jet flow.    
 
4.3.2 Effective cleaning area 
To investigate the particle removal efficiency, test plates contaminated with 
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NN r−=η ,                  (4.2) 
 
where N0 is the initial number of particulate contaminants adhering to the test plate and 
Nr is the number of the residual particulate contaminants.   
Figure 4.5 shows the efficiency of the removal of 2.92-µm particulate contaminants 
as a parameter of the local pressure. In this experiment, the duration of dry ice blasting 
was set at 10 s. The particulate contaminants were completely removed at the center of 
the plate and downstream; however, the removal efficiency decreased at a point 15 mm 
from the center toward the opposite side, and reached zero at x = −25 mm. The effective 
removal area increased with an increase in the local pressure. Although the experiments 
were conducted under different RHs in a range of 40–60%, there was no effect of the 
RH on removal efficiency. 
An experiment to remove 0.75-µm particulate contaminants was also carried out.  
The results are shown in Fig. 4.6. Although the removal efficiency was lower than that 
for the 2.92-µm particulate contaminants, common characteristic features were evident, 
i.e., the removal efficiency was high downstream but low on the opposite side.  Since 
submicron-sized contaminants are more difficult to remove from the surface, a higher 
local pressure was required to increase the removal efficiency.   
 
4.3.3 Time-dependent particle removal efficiency 
Figure 4.7 shows the time course of the efficiency of the removal of 2.92-µm 
particulate contaminants adhering to the center of the surface. The onset time (t = 0) is 
the time at which the valve is opened. When using dry ice blasting, particle removal 
begins after a delay of a few seconds after starting the experiment, and the removal 
efficiency increases as time elapses. In addition, the particle removal efficiency quickly 
increases with increased in the local pressure. The median values of the time to remove 
the contaminants at local pressures of 2, 6, and 10 kPa were 2.2, 1.6, and 0.9 s, 






















Figure 4.5 Removal efficiency profile for Dp2 = 2.92 µm  























































Figure 4.6 Removal efficiency profile for Dp2 = 0.75 µm  

























































































contaminants also increases; however, the drag force is not a main factor in the removal 
of the particles. This is evident in that the air jet is not effective for particle removal 
even though the local pressure is higher for the air jet than that for the dry ice jet, as 
shown in Fig. 4.7. The dry ice jet has a gas-solid two-phase flow; thus, the impact force 
between the dry ice particles and the contaminants is important for particle removal. In 
addition, the low temperature of the dry ice jet will cause the decrease of relative 
humidity, reducing the effect of liquid bridge force. If the temperature is sufficiently 
low, the liquid bridge force will further be changed into the interaction force between 
solids with the ice; therefore, the adhesion force will also be affected. 
Figure 4.8 shows the experimental results for the 0.75-µm particulate contaminants.  
The dry ice jet can remove even submicron-sized particles; however, the time to remove 
them is longer than that for the 2.92-µm particulate contaminants. The median values of 
the time required to remove the 0.75-µm particles at the local pressures of 2, 6, and 10 
kPa were 9.2, 7.5, and 6.1 s, respectively. The median time for removal is an important 
factor in evaluating dry ice cleaning. To elucidate the time dependence, the state of the 
dry ice jet flow as well as the conditions of the contaminants must be discussed. Since 
the state of the dry ice jet varies according to the temperature, the time-dependency of 
the temperature must be determined. 
 
4.3.4 Temperature of the dry ice jet 
The CO2 exists as a gas at room conditions; however, as liquid CO2 expands to 
atmospheric pressure, the temperature of the jet flow decreases and dry ice particles are 
produced. Therefore, the state of the dry ice particles in the jet flow is strongly related to 
the temperature and pressure. Figure 4.9 shows the time course of the temperature of the 
dry ice jet over which the temperature decreases from room temperature to about 
−70 °C. In this experiment, there were two stages of temperature reduction. A similar 
tendency was reported in the experimental results of Chapter 2. After the second 
temperature decrease, many agglomerated dry ice particles were produced in the jet 
flow. Since these experiments were conducted at rather low mass flow rates, the 
















































































































temperature quickly decreases because large amounts of liquid carbon dioxide expand 
resulting in efficient cooling of the jet flow. Therefore, dry ice particles are more 
quickly produced at higher local pressures; the collisions of the dry ice particles with the 
contaminants will enhance the removal efficiency. In addition, the adhesion force 
between the contaminants and the surface can be affected by the temperature. If water 
molecules accumulate at the contact point at room temperature and a liquid bridge is 
formed, the contaminants experience a liquid bridge force in addition to the van der 
Waals force. When the temperature is sufficiently decreased by the dry ice jet, the water 
will freeze, and the liquid bridge force will be changed into the interaction force 
between solids with the ice. This phenomenon will also affect the removal efficiency.   
To correlate the temperature with the particle removal efficiency, the median values 
of the time to remove the contaminants (Figs. 4.7 and 4.8) are added into Figure 4.9.  
The temperatures for the removal of the 2.92-µm and 0.75-µm contaminants were about 
−10 °C and −70 °C, respectively. Therefore, the time dependency of the removal can be 
well explained by the temperature variation of the dry ice jet. 
 
4.3.5 Particle removal rate 
A normalized particle removal rate is obtained by differentiating the particle 
removal efficiency with respect to time. The rates for the removal of 2.92- and 0.75-µm 
particulate contaminants at half removal efficiency are shown in Fig. 4.10. 
The removal rate increases with increases in the local pressure. This is a natural 
consequence of the increase in the strength of the jet flow. In addition, this figure shows 
that the removal rate for 0.75-µm particles is much higher than that for 2.92-µm 
particles. The difference caused by the contaminant size can be explained as follows.  
Submicron-sized contaminants are more difficult to remove than micron-sized 
contaminants; thus, removal of the submicron-sized contaminants occurs at lower 
temperatures at which a larger number of agglomerated dry ice particles are formed to 
collide with the contaminants. The impact force will be enhanced with an increase in the 




















































quickly as smaller dry ice particles and are therefore more effective for particle removal.  
On the other hand, micron-sized contaminants can be removed at a higher temperature 
than submicron-sized contaminants. Under these conditions, the lack of agglomerated 
dry ice particles would result in a lower removal rate. 
 
4.3.6 Effect of the impact of dry ice particles on particulate contaminant removal 
When applying gas-solid two-phase flow to surface cleaning, particulate 
contaminants on the surface experience both an aerodynamic drag force and an impact 
force of the airborne particles. To elucidate the mechanism of particle removal, a 
moment balance model can be applied (see Fig. 4.1). Three moments of force, Ma 
caused by adhesion force (Fa), Mc caused by the impact of the dry ice particle (Fc) and 
Md caused by the aerodynamic drag (Fd), are generally taken into account in the model. 


























where Dp2 is the particle diameter of the contaminant adhering to the surface, Mt is the 
moment about the center of mass of the particle caused by the shear flow, θ is the 
contact angle of the contaminant, and φ is the impact angle. Τhe contact angle (θ) can be 
calculated using the JKR theory (see Appendix (A)).  
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The adhesion force, Fa, is then given according to the JKR theory. 
 
p223a 4
3= DWF π ,                 (4.6) 
 
where W23 is the surface energy per unit area of two materials. 
The impact force, Fc, is given by 
 
6/51/53/5-2/5
12c 1.12= vDmkF , (4.7) 
 
where k12 is the elastic characteristic of two materials, m is the reduced mass 
( )/( 2121 mmmm += ), D is the reduced particle diameter ( )/( 2p1p2p1p DDDD += ), and v is 
the impact velocity [Timosenko and Goodier, 1970].  












,         (4.8) 
 
where f is the dimensionless coefficient, which is introduced to account for the wall 
effect, with a value of 1.7009 [O’Neill, 1968], µ is the fluid viscosity, u is the fluid 
velocity at the center of the contaminant (see Appendix (B)), Rep2 is the particle 




























where λ  is the mean free path of CO2.    
The moment about the center of mass of the contaminant in the shear flow (Mt) (see Fig. 











= ,         (4.10) 
 
where g is the dimensionless coefficient, which is introduced to account for the wall 
effect, with a value of 0.944 [O’Neill, 1968]. The impact angle (φ) is fixed at π/4 radian 
taking into account the experimental conditions. To make a collision between two 
spherical particles at this impact angle, the diameters are geometrically restricted, i.e., 
 
( ) p21p 223 DD +≤ .          (4.11) 
 
All the constants used in the calculation, which are based on the conditions of the 
experiments carried out under a local pressure of 10 kPa, are listed in Table 4.1.  
Figure 4.11 shows the calculated results for the moments acting on the particulate 
contaminants as a function of the particle diameter of the dry ice, Dp1. For 2.92-µm 
particulate contaminant, as shown in Fig. 4.11 a, Md is less than Ma in this calculated 
condition, showing that only the aerodynamic drag is not sufficient to remove the 
contaminant. However, Mc+Md, which is shown in a dashed line, can exceed Ma. The 
result indicates that Mc is the dominant moment responsible for the particle removal. 
For the 0.75-µm particulate contaminant (see Fig. 4.11 b), the difference between Ma 
and Md is larger, but the intersection of Mc+Md and Ma is at smaller Dp1. This indicates 
Mc is more important for the removal of small particles. 
Next, to evaluate the impact of a dry ice particle on the removal of a particulate 






Mr .  (4.12) 
 
Figure 4.12 shows the relationship between the calculated moment ratio (r*) and the 
particle diameter of the dry ice, Dp1, as a parameter of the particle diameter of the 
contaminants, Dp2. The calculated results for the 2.92-µm and 0.75-µm particulate 
contaminants are indicated by a dotted line and broken line, respectively. The moment 
ratio (r*) increases with increasing particle diameter (Dp1) with decreasing particle 
diameter (Dp2). Here, it is worth noting that the collision of the dry ice particles with the 
contaminant particles is much more effective for their removal than the aerodynamic 
drag. The particle diameter of the agglomerated dry ice measured in-situ by a laser 
diffraction method was several tens of micrometers. Therefore, the impact force is 










Table 4.1 Constants used in theoretical calculation. 
φ (impact angle) = π/4 radian 
v (impact velocity of dry ice 
particle) 
= 41 m s-1 
ρ1 (density of dry ice) = 1.6×10
3 kg m-3 
ρ2 (density of polystyrene) = 1.1×10
3 kg m-3 
k12 (elastic characteristic) = 3.3×10-10 Pa-1 
k23 (elastic characteristic) = 2.5×10-10 Pa-1 
W23 (surface energy per unit area) = 2.4×10-2 J m-2 
µ (viscosity of fluid at -78 oC) = 7×10-5 Pa s 
u0 (core velocity of dry ice jet) = 41 m s
-1 
ρ (density of fluid at -78 oC) = 2.8 kg m-3 
λ (mean free path at -78 oC) = 2.8×10-8 m 
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The removal of particulate contaminants by dry ice blasting has been investigated.  
In this experiment, in-situ observation of the removal process was carried out and the 
time course of the particle removal efficiency was obtained. To explain the removal 
process, the temperature of the dry ice jet was measured and the mechanism for the 
removal of the contaminants was discussed based on calculated and experimental results.  
The conclusions were drawn as follows: 
(1) The effective surface cleaning area and particle removal efficiency depend on the 
strength of the dry ice jet, which was evaluated by the local pressure on the surface.  
To remove submicron-sized contaminants, high local pressure is required. With the 
air jet, small contaminants are difficult to remove even at higher local pressures.  
This means that the effectiveness of particle removal by dry ice blasting is 
attributed to the collision of the dry ice particles with the contaminants.   
(2) The particle removal efficiency of dry ice blasting increases with elapsed time, while 
the temperature of the jet flow decreases with elapsed time. By linking these results, 
the micron-sized particles are removed at about −10 °C and the submicron-sized 
particles are removed at about −70 °C irrespective of the local pressure. Therefore, 
the particle removal efficiency is closely related to the temperature of the jet flow. 
Since a large amount of agglomerated dry-ice particles formed at −70 °C, the 
submicron-sized particles were removed by the collision of the agglomerated dry ice 
particles.   
(3) The particle removal rate obtained by differentiating the particle removal efficiency 
with respect to time can also be explained by the collision of dry ice particles with 
the contaminants. The high removal rate for submicron particles in the low jet 
temperature condition demonstrates the effect impact of the dry ice agglomerates. 
(4) A particle removal model based on the moment balance theory was applied to the 
dry ice blasting system and the theoretical calculation result verifies the dominance 




Particle Removal Process during  
Impinging Dry Ice Jet Application 
 
5.1 Introduction 
As discussed in Chapter 4, dry ice blasting has shown good performance for the 
removal of monosized fine particles. The effect of dry ice impact is relatively larger 
than the aerodynamic drag during the removal. According to the experimental results, 
larger particles can be removed at the earlier stage of dry ice blasting, where the jet 
temperature is still around −10 °C. This indicates that fine particles with small adhesive 
force will be removed mainly by the aerodynamic force or impact force caused by the 
dry ice particles of small inertia. In other words, the impact force caused by the dry ice 
particles of large inertia is necessary for the removal of fine particles whose adhesive 
force is large. These two kinds of particle removal phenomena will occur in a real 
cleaning system because the fine particles generally differ in their adhesive forces, i.e. 
there is a distribution of the adhesive forces for the particles. To approach the real 
application of dry ice blasting, the removal process of fine particles having a size 
distribution is worth investigating. 
The purpose of the study in this chapter is to clarify the particle removal process of 
polydisperse powder particles by applying the impinging dry ice jet. Substrates covered 
with powder particles are used for the investigation, and the time course of particle 
removal efficiency is taken into consideration. The experimental results are analyzed 
with a theoretical model. In addition, according to the results of the jet temperature 
effect on the state of dry ice particles, mentioned in Chapter 4, a relationship between 
the particle removal efficiency and the jet temperature should be discussed. Furthermore, 
the particle removal area caused by a dry ice impact and the removal frequency are 
evaluated through the in-situ observation of the removal process. Based on the 
experimental results, a system parameter is proposed to determine the optimum jet flow 
rate for efficient particle removal. 
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5.2 Material and methods 
As a preliminary experiment for visualizing the surface cleaning, black resin 
(synthetic acrylic resin) dissolved in organic liquid was sprayed vertically on a test plate 
(76 × 26 mm; 1-mm thick transparent glass). Before the experiment of dry ice blasting 
onto the test plate was carried out, the resin was dried at room conditions for 1500 s 
until it formed a solid film. The average thickness of the film was 45 µm. 
For particle removal, powder particles were dispersed and deposited on the test 
plate; subsequently, experiments were conducted to remove the particles from the 
surface by dry ice blasting. To observe the removal process, the test plate was covered 
with a large number of powder particles.  
 
5.2.1 Deposition of particulate contaminants 
Figure 5.1 shows a schematic diagram of the experimental apparatus to deposit the 
powder particles. The test plate was placed on a metal mesh in a cylindrical vessel. 
Spherical alumina particles with a mass median diameter of 3 µm and geometric 
standard deviation of 1.4 were dispersed using an ejector for 1 s. To control the air flow 
in the vessel, secondary air was introduced. The amount of particles deposited on the 
test plate was controlled by the air flow condition. 
 
5.2.2 Removal of particulate contaminants 
Figure 5.2 shows a schematic diagram of the experimental apparatus to remove the 
powder particles from the test plate surface by dry ice blasting. The dry ice jet was 
produced by expanding high purity liquid carbon dioxide. A flexible hose made of 
stainless steel—2 m in length and 15 mm in inner diameter—was connected to a 
high-pressure carbon dioxide cylinder. At the end of the hose, a needle valve was 
installed in order to adjust the flow rate of the dry ice jet. A pressure gauge was also 
installed at the inlet of the needle valve in order to measure the inner pressure of the 
liquid carbon dioxide. The pressure measured in the experiments was approximately 5.5 
MPa. To reduce heat transfers between the environment and equipment, the flexible 





























































































ice particles, a 50-mm long acrylonitrile-butadiene-styrene (ABS) tube with 6-mm inner 
diameter was installed at the end of the needle valve. Agglomerated dry ice particles 
ejected from the tube with the carbon dioxide gas were directed toward the test plate. 
The angle of incidence of the dry ice jet against the surface was π/4 radian, and the 
distance from the tip of the tube to the test plate was 20 mm in the axial direction. 
To measure the temperature of the impinging dry ice jet, a temperature sensor was 
installed around the stagnant point. The particle removal process was observed from 
behind the test plate using a high-speed microscope camera (Fastcam–Max, Photron 
Ltd.). The frame rate in the experiments was 250 or 500 fps. All the experiments were 
conducted at 20 ± 2 ºC, and the relative humidity was controlled at 20–40% to avoid 
disturbances caused by liquid bridge forces. 
 
5.2.3 Analysis method 
To quantitatively analyze the particle removal process, particle removal efficiency, 
removal area, and removal frequency were obtained from the images captured by the 
high-speed microscope camera. The particle removal efficiency was determined by two 
methods—digital counting of the number of particles remaining on the surface and 
measuring the image brightness. The latter method was used in cases where the digital 
counting was difficult, for example, when the surface was completely covered with the 
powder particles. The removal area caused by a dry ice impact was determined from the 
equivalent circle diameter. The removal frequency was determined from the variations 
in the removal efficiency at intervals of 2 ms. 
 
5.3 Results and discussion 
 
5.3.1 Visualization of the particle impact caused by the dry ice jet 
As mentioned in Chapter 4, the impact effect of the dry ice particles dominates the 
removal efficiency. Thus, it is of interest to directly observe the particle impact on 
surface cleaning. To visualize surface cleaning, a black resin film was coated on a test 
plate by spraying and drying the solution; then, the surface cleaning experiment was 
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carried out. The angle of incidence was π/4 radian and the distance from the tip of the 
tube to the plate was 20 mm in the axial direction. To remove the black resin film, a 
higher flow velocity is needed; thus, narrow ABS tube with a 4 mm inner diameter was 
used. Although an air jet was not able to remove the resin film, a dry ice jet 
accomplished the removal. Figure 5.3 shows a series of microscopic images taken at 
intervals of 40 milliseconds. The observation point was about 1 mm from the 
impingement point along the flow direction. Due to the cooling of the resin film by the 
dry ice jet, a brittle fracture occurred in the film. The resin film was broken into small 
fragments by the impact of the dry ice particles and each fragment was removed from 
the plate. This phenomenon of particle impact will also occur for particle removal, even 
though the removal mechanism is different from the filmy contaminants.  
 
5.3.2 Particle removal efficiency 
Figure 5.4 shows micrographs of the particles on the test plate during dry ice 
blasting. When the jet flow rate was 1.4 g/s, most of the particles remained on the 
surface for approximately 8 s after the experiment began and were then almost 
completely removed within 0.2 s (Fig. 5.4 a). When the flow rate was 4.92 g/s, 20% of 
the particles were removed in the first 3 s, and the remaining particles were removed 
within 0.05 s (Fig. 5.4 b). These microscopic observations indicate that rapid particle 
removal begins with a time delay that decreases as the flow rate increases. The dry ice 
particles ejected from the tube can be visually observed after approximately 8 s and 3 s 
for jet flow rates of 1.4 g/s and 4.92 g/s, respectively. The rapid particle removal is 
probably caused by the visible dry ice particles.  
Figure 5.5 shows the time courses of particle removal efficiency as a parameter of 
the jet flow rate. These results were obtained after digitally counting the number of 
particles remaining on the surface. When the jet flow rate was more than 2.2 g/s, the 
removal efficiency gradually increased with elapsed time and rapidly increased after a 
certain time is exceeded. Further, the maximum removal efficiency increased while the 
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Figure 5.4 Micrographs of particle removal by dry ice blasting  
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increased; this was because the separation force acting on the particles adhering to the 
test plate increases with the mass flow rate. Figure 5.5 also shows that the removal 
process comprises two stages—stage I for slow particle removal and stage II for rapid 
particle removal. 
 
5.3.3 Theoretical analysis for slow removal stage 
When the separation force overcomes the adhesion force between the particles and 
surface, the particles will be removed from the surface. In fact, the adhesion force of 
each particle is not constant, and hence, the particle removal efficiency depends on the 
adhesive force distribution. It is noteworthy that the separation force caused by the dry 
ice blasting has temporal and special variations. Furthermore, the particle removal flux 
is proportional to the number density of the removable particles; therefore, the particle 







− ,           (5.1) 
 
where N is the total number density of particles adhering to the surface; Nu, the number 
density of unremovable particles whose adhesion force is larger than the separation 
force; t, the elapsed time; and τ, a time constant. The analytical solution of Eq. (5.1) 
under the initial condition N = N0 at t = 0 is given by 
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where Rmax(I) = (N0 − Nu)/N0, i.e., the maximum removal efficiency at the slow removal 
stage. 
Figure 5.6 shows the experimental and theoretical results calculated using Eq. (5.3) 
for the removal efficiency at the slow removal stage corresponding to the condition of 
N0 > Nu. Since the experimental results are in agreement with the theoretical ones, the 
removal efficiency can be characterized by two parameters—maximum removal 
efficiency Rmax(I) and time constant τ—that vary with the jet flow rate. 
Figure 5.7 shows the two parameters as a function of the jet flow rate. The estimated 
Rmax(I) increases with the jet flow rate, while τ decreases. These variations can be 
explained by the fact that the separation strength increases with the jet flow rate. 
 
5.3.4 Temperature dependence of dry ice jet 
   Figure 5.8 shows the time courses of the temperature of dry ice jet as a parameter of 
the jet flow rate. There are two distinct temperature reduction stages—a slow 
temperature reduction stage from room temperature to –10 °C and a rapid temperature 
reduction stage from –10 to –70 °C. The dry ice jet became white after the second 
temperature reduction stage; this indicates that many agglomerated dry ice particles are 
produced and ejected. A similar phenomenon has been mentioned in Chapter 4. Further, 
at higher flow rates, the temperature decreases quickly because a large amount of liquid 
carbon dioxide is expanded, and the jet flow is cooled efficiently in the ABS tube. 
Therefore, the dry ice particles are produced more quickly at higher flow rates, and the 
subsequent agglomeration of the particles is enhanced. The effects of the temperature of 
the dry ice jet on the particle removal efficiency are shown in Fig. 5.9. When the jet 
temperature is in the range from room temperature to –70 °C, the particle removal 
efficiency is approximately 20% or less. Further, when the temperature reaches 
approximately –70 °C, the particle removal efficiency increases rapidly. Even if the 
temperature does not reach approximately –70 oC, small primary dry ice particles can be 
produced. However, the contaminant particles strongly adhering to the surface cannot be 
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reaches approximately –70 °C, many agglomerates of dry ice particles are produced and 
they can collide with the contaminant particles; consequently, most of the particles 
adhering to the surface are removed by the impact of the agglomerates of the dry ice 
particles. In this manner, the two stages of the particle removal process—slow and rapid 
particle removal stages—can be explained well by the variations in the jet temperature.  
 
5.3.5 Removal area and frequency at rapid removal stage 
   Most of the contaminant particles are removed at the rapid removal stage, and hence, 
the impact of agglomerates is very important for the particle removal. In this sub-section, 
the removal area caused by the impact of an agglomerate of dry ice particles and the 
removal frequency are discussed in detail.  
Figure 5.10 shows a series of microscopic images of the test plate covered with 
powder particles during the rapid removal stage. The three typical images were taken at 
intervals of 2 ms using the high-speed microscope camera. In these images, the dry ice 
jet flows from left to right with an angle of π/4 radian against the surface. The powder 
particles on the test plate appear white whereas the test plate surface has a black 
appearance. Further, black spots appeared after the particles are removed from the 
surface by the impact of an agglomerate of dry ice particles. The images show that the 
number of black spots increased with elapsed time. Since the agglomerates of dry ice 
particles collided with the surface at a certain angle, the shape of the black spots tended 
to be elliptical. At the rapid removal stage, the equivalent circle diameter of most of the 
black spots was less than several hundred micrometers. Further, the mass median 
diameter of the contaminant particles was 3 µm; thus, many particles could be removed 
at the impact. 
Figure 5.11 shows the distributions of the equivalent circle diameter of the removal 
area. These results were obtained from the experiments conducted at low jet flow rates, 
such as 1.4 and 2.2 g/s, where each removal area could be distinguished. The median 
values of the distribution were 40 and 25 µm at the jet flow rates of 1.4 and 2.2 g/s, 




Figure 5.10 Micrographs of particle removal by dry ice impact at  



































Figure 5.11 Cumulative distribution of removal area at  


































These results are in agreement with the fact that smaller agglomerates collide with the 
surface at higher flow rates. To quantitatively analyze the particle diameter of dry ice 
particles at the low jet flow rate, observation of the dry ice jet at 1.4 g/s was carried out 
by the high-speed microscope camera as well. The particle diameter of the 
agglomerated dry ice was found to be about 15 µm in equivalent circle diameter, with a 
solid-to-gas mass flow ratio of 0.43, which was obtained from the pressure-enthalpy 
diagram of CO2 under the adiabatic expansion process of liquid CO2. According to the 
results, the particle diameter of the agglomerated dry ice is smaller than equivalent 
circle diameter of the removal area observed, indicating that the agglomerates deformed 
and moved during their impact on the surface at the impinging angle.  
The microscopic observations with the high-speed camera also give the removal 
frequency. When the jet flow rates were 1.4 and 2.2 g/s, the removal frequencies were 
940 and 6780 Hz/mm2, respectively. The removal frequency can be increased by 
increasing the concentration and velocity of the agglomerates of dry ice particles; the 
removal frequency thus increases with the jet flow rate.  
Since the particle removal efficiency depends on both the removal area and 
frequency, the product of these factors should be considered for the evaluation of the 
particle removal. The removal area ratio was 0.39 (= (25/40)2) at the jet flow rate of 2.2 
to 1.4 g/s, while the frequency ratio was 7.2 (= 6780/940) under the same condition. 
Therefore, the effects of the jet flow rate on the removal area were opposite to those on 
the removal frequency. In this manner, the experimental results show that since the 
effects of removal frequency on particle removal are more significant, higher jet flow 
rates are more effective for the particle removal. 
 
5.3.6 Evaluation of particle removal by dry ice jets 
The particle removal frequency at the rapid removal stage under the conditions of 
higher jet flow rates is too high to analyze each particle removal even by using a 
high-speed micro camera. Hence, we measured the brightness of the images and 




Figure 5.12 shows the time courses of the normalized particle removal efficiency RII 
at the rapid removal stage as a parameter of the jet flow rate. RII increases with the 
elapsed time, whereas the removal time needed to reach RII = 1 decreases as the jet flow 
rate increases. When the jet flow rates are higher than 3.3 g/s, the removal time is less 
than 0.02 s.  
To quantitatively evaluate the particle removal system using dry ice jets, we propose 










R 'II50η ,            (5.4) 
 
where R’II50 is the derivative of RII with respect to time at the median value and w is the 
jet flow rate. This parameter indicates the effect of the removal rate with consideration 
of the CO2 consumption. Therefore a high value is preferred because a large amount of 
particles adhering to the surface can be removed with less CO2 consumption.   
Figure 5.13 shows the relationship between this system parameter η and the jet flow 
rate. η varies with the jet flow rate, and its value increases sharply after a certain jet 
flow rate is exceeded; however, the increase is limited at higher jet flow rates. Therefore, 
it is ineffective to excessively increase the jet flow rate. Further, this relationship can be 
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In this study, we have investigated the removal process of fine particles adhering to 
the test plate using impinging dry ice jets. Further, by conducting quantitative analyses 
of the particle removal efficiency as a function of time elapsed and the variations in the 
temperature of the dry ice jet, the key factors for the particle removal processes were 
analyzed. The conclusions of the study can be summarized as follows: 
(1) The impact effect of the dry ice jet can be visually observed by the removal of a 
resin film covering a surface. The resin film broke into small fragments and was 
then removed. This phenomenon will also occur in the particle removal process, 
even though the particle removal mechanism is different from the filmy 
contaminants. 
(2) The particle removal process consists of two stages—slow removal stage and rapid 
removal stage—that are related to variations in the temperature of the dry ice jet. 
(3) The slow removal stage occurs from room temperature to –70 °C, whereas the rapid 
removal stage occurs at approximately –70 °C; at this temperature, many 
agglomerates of dry ice particles are produced and collide with the contaminant 
particles.  
(4) The particle removal efficiency at the slow removal stage can be explained by a 
theoretical equation with two parameters.  
(5) Most of the contaminant particles on the surface are removed in the rapid removal 
stage; here, the key factors are the removal area due to the impact of an agglomerate 
of dry ice particles and the removal frequency. Moreover, as the jet flow rate 
increases, the removal area decreases, but the removal frequency increases. For the 
particle removal, the removal frequency is more significant than the removal area. 
Therefore, high jet flow rates are more effective for particle removal. 
(6) A system parameter defined as the ratio of the particle removal rate to the jet flow 
rate can be used to quantitatively evaluate the particle removal and to determine the 







In this dissertation, dry ice jet produced by expanding liquid CO2 was extensively 
investigated through an in-situ observation and measurement. The dry ice particles in 
the jet flow were particularly focused and the research topics were mainly divided into 
i) fundamental investigation of the phenomena of particle production, growth, 
agglomeration, and sublimation in the dry ice jet flow, which were discussed in Chapter 
2 and 3; and ii) the application for particle removal where the particle impact effect, 
removal mechanism and optimum flowing conditions were studied in detail and 
summarized in Chapter 4 and 5. Unlike other particles, the state of dry ice particles, 
such as particle size and concentration, is fairly sensitive to the ambient temperature; 
hence, the effect of the jet temperature was taken into consideration in terms of the state 
change of dry ice jet and its corresponding particle removal efficiency of fine particles 
adhering to the surface.    
   In Chapter 2, the agglomeration process of dry ice particles flowing through a tube 
chamber was analyzed through an in-situ microscopic observation. Compared with the 
dry ice jet ejected from the expansion nozzle outlet, where dry ice particles cannot be 
visually observed, agglomerated dry ice particles can be clearly observed after the 
primary particles pass though the additional tube chamber. Two stages of temperature 
reduction occurred in the jet flow was found to correspond to the agglomeration process. 
The tube size has great influence on the particle size and shape as well as velocity of the 
dry ice particles. For explaining the agglomeration process, a large number of collisions 
of primary particles can hardly be achieved due to the limited residence time. On the 
other hand, primary particles of about several micrometers were observed in a dry ice 
deposition layer on the surface of a plate, indicating the agglomerates observed from the 
tube outlet were those reentrained from the deposition layer inside the tube chamber. 
According to the observation results, particle deposition and reentrainment, will 
dominate the agglomeration process of the dry ice particles. 
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In Chapter 3, an in-situ size measurement based on the laser diffraction method was 
performed to analyze the size distribution and the quantity of dry ice particles in the jet. 
The measurement results show that the primary dry ice particles generated by expanding 
liquid CO2 is about 1 µm, and the distribution is approximately log-normal. The profiles 
of particle size distribution varies with the flowing distance, meaning that the primary 
dry ice particles still keep growing or agglomerating in the jet flow, while some of them 
begin to shrink due to the effect of sublimation at a far flowing distance, where a 
bimodal distribution can be obtained. The particle size increases to about 100 µm after a 
tube chamber was installed to the expansion nozzle, showing the primary particles 
effectively agglomerated in the tube chamber. A simple evaluation of interparticle 
collisions in the tubes shows that most of the primary particles cannot agglomerate due 
to a collision mechanism in the short residence time within the tube. The mass median 
diameter tends to decrease with the increase of the flow velocity, showing the separation 
force acting on the deposition layer increases with the flow velocity and smaller 
agglomerates can therefore be reentrained. This result agrees well with the dominance 
of the theory of particle deposition and reentrainment in the agglomeration process. In 
addition, the profile of particle size and quantity as a function of radial direction was 
obtained along with the flowing distance, providing the information for the effective 
work distance.    
In Chapter 4, dry ice blasting, as a dry cleaning method with highly increasing 
interest, was applied on the removal of monosized fine particles adhering to the surface. 
The effect of particle impact was investigated through an in-situ microscopic 
observation and theoretical discussion. Micron or sub-micron fine particles, which 
cannot be removed by the air jet, were almost removed by the dry ice jet, indicating the 
effectiveness of particle removal by dry ice blasting is attributed to the collision of the 
dry ice particles with the contaminants. The profiles of the time course of particle 
removal efficiency differ in the diameter of the fine particles, and can be mainly divided 
into a high (−10 °C) and low (−70 °C) temperature regions by linking these results to 
the jet temperature profiles. The high removal rate for submicron particles in the low jet 
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temperature condition demonstrates the effect impact of agglomerated dry ice particles. 
Furthermore, a particle removal model based on the moment balance theory was applied 
to the dry ice blasting system and the theoretical calculation result verifies the 
dominance of the impact effect of dry ice particles.  
Chapter 5 extended the work of dry ice blasting on the removal of monosized 
particles. The removal process of fine particles differing in size was studied in terms of 
the particle removal efficiency, jet temperature effect, particle removal area, and 
removal frequency. According to the two stages—slow removal stage and rapid removal 
stage—increase in the profiles of particle removal efficiency, two removal mechanisms 
can be ensured in the particle removal process and were found to relate to the variation 
of jet temperature. The phenomena of the slow removal stage can be explained by a 
theoretical equation considering the removal of fine particles whose adhesive forces are 
in a distribution, while the rapid removal stage deviates from the theory. The rapid 
removal stage, occurring as the jet temperature was about −70 °C, was caused by the 
effect impact of agglomerated dry ice particles. In this removal stage, the particle 
removal frequency of the fine particles was found to be more significant than the 
removal area caused by the particle impact. In addition, a system parameter considering 
the particle removal area, frequency, and the jet flow rate can be applied to optimize the 
particle removal.  
   The research work provides useful insights into the dynamic analysis of the 
production process of dry ice particles in the jet flow and the particle removal process 
by the impinging dry ice jet. The particle size and amount of dry ice varies with jet 
temperature, flow velocity and flowing distance; thus, an equipment design for 
generating dry ice jet, such as the expansion nozzle and the tube chamber, should be 
focused on the above parameters. For particle removal from surfaces, the impact caused 
by the flowing dry ice particle is dominant compared with aerodynamic drag. Therefore, 
the condition of the dry ice jet should be properly controlled. Furthermore, the dynamic 
analysis of the surface cleaning in dry ice blasting should be used to determine the 
optimum operation conditions. 
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When applying dry ice particles in industrial cleaning processes, the removal 
efficiency is influenced by the environmental conditions, such as temperature and 
relative humidity. Also, the wall material used in the equipment is worth investigating; 
the interaction between dry ice particles and the wall surface will vary with the wall 
material.  
The reduction and recycle of CO2 in industrial processes are becoming an 
imperative issue to prevent the greenhouse problems. Since dry ice jet is capable of 
many industrial applications where high cleanliness is required, the efficient use of dry 
ice jet is considered to meet the increasing needs of green house gas reduction. In 
particular, the development of effective CO2 recycle system to stably provide dry ice jet 






(A) Calculation of the Contact Angle, θ in Eq. (4.3), (4.4) and (4.5) 
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where as is the contact radius at separation, which is evaluated on the basis of the JKR 






















where W23 is the surface energy per unit area and k23 represents the elastic 
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where ν is Poisson’s ratio and E is Young’s modulus. The subscripts 2 and 3 represent 







(B) Calculation of the Fluid Velocity, u in Eq. (4.8) and (4.10) 
The friction velocity (u*) of the impinging jet flow is approximated by  
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where u0 is the core velocity of the dry ice jet [Toscano and Ahmadi, 2003].   
On the basis of the law of wall, the fluid velocity at the center of the adhesive 
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